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ABSTRACT 

Numerical  calculations  of  gas-surface  interactions a t  e p i -  
thermal  energies are reported  and  correlated.  These in te rac t ions ,  
which  involve:   the   effects   of   di f ferent  l a t t i ce  s t ruc tu res  and 
orientations,   adsorbed  contaminants,   and  latt ice  thermal  motion, 
are compared against   those of i d e a l  FCC (100) surfaces  a t  0 ° K .  
An analysis  of  energy  exchange  in 153 d i f f e r e n t   s i t u a t i o n s   ( i n -  
cluding some previously  reported) i s  developed  by  considering a 
highly  ideal ized model o f   t he   i n t e rac t ion  and  determining parame- 
ters i n   t h e  model from the  complete set of numer ica l   resu l t s .  The 
resul t ing  s imple  equat ion  correlates   theoret ical   energy  exchange 
values  with a s tandard  deviat ion of  about 10 p e r  cent  of t h e   i n c i -  
dent   energy  for   cold  ideal   surfaces ,  and  about 20 per   cen t   for   ho t ,  
contaminated  surfaces   and  different   s t ructures .  

C 

h 

A previous  report   (Ref.  2) presents   evidence  for   neglect ing 
.oupling  between l a t t i ce  o s c i l l a t o r s   i n   c a l c u l a t i o n s   i n v o l v i n g  
. igh  gas   par t ic le   energy.  The p resen t   r e su l t s   l end   fu r the r  sup- 

port   to   this   approximation.  A s i n g l e  monolayer of adsorbed mate- 
r i a l  was found i n   e f f e c t   t o  dominate   the  interact ion  in  most cases,  
i s o l a t i n g   t h e   g a s   p a r t i c l e  from a l l  but a small,  long-range  influ- 
ence of the bulk.   Calculations of l a t t i ce  thermal   effects  on the  
interact ions,   a l though  subject  to e r r o r s  due to small sample s i ze ,  
i nd ica t e  that  this  e f fec t   can   sa fe ly   be   ignored  a t  high  incident  
energy. Latt ice su r face   s t ruc tu re  and  azimuth  angle of incidence 
were found t o  be  important   only  in   the FCC (110) case, where the 
surface is  qui te   rough  and  highly  direct ional .  

i v  
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I NTR OD UCT I ON 

References 1 and 2 provide a description  of  the  basic  numeri-  
cal method fo r   ca l cu la t ing   mo lecu la r   t r a j ec to r i e s   i n   t he   v i c in i ty  
of   so l id   sur faces .  Very b r i e f ly ,  w e  ca l cu la t e   t he   t h ree  dimen- 
s iona l ,  classical t ra jector ies   of   gas   molecules   directed a t  a 
c r y s t a l  l a t t i ce  that i s  represented by a set of  harmonic o s c i l l a -  
t o r s  which are poin t   cen ters  of p o t e n t i a l  (a Lennard-Jones 6 - 1 2 ) .  
The r e c o i l  of the o s c i l l a t o r s  i s  the  mechanism by which energy i s  
t r a n s f e r r e d   t o   t h e   l a t t i c e .  Most of the   ca lcu la t ions  assume t h a t  
t he  l a t t i ce  o s c i l l a t o r s  are mutually  independent. Several other  
cases,  computed f o r  a model i n  which the  l a t t i ce  atoms are coupled, 
i nd ica t e  that the   range  of reasonable   va l id i ty  for the independent- 
o s c i l l a t o r   l a t t i c e  (IOL) model i s  surpr i s ing ly   l a rge .  Momentum 
and  energy  exchanges as w e l l  as ex i t ing   ve loc i ty   vec tors  are com- 
puted  and  averaged  over many paral le l  inc ident   t ra jec tor ies ,   each  
having a s l i gh t ly   d i f f e ren t   a iming   po in t  on t h e   l a t t i c e   s u r f a c e .  
A set of exit ing  molecules i s  thereby  generated  to   represent   the 
d i s t r i b u t i o n s   t h a t  would r e s u l t  from a perfect ly   col l imated molec- 
u la r   ray   o f   per fec t ly  homogeneous physical  properties  impinging on 
the  surf  ace. 

Reference 1 presents  a few typ ica l   r e su l t s   ob ta ined  from t h e  
above method, and  descr ibes   qual i ta t ively some of the  general  
characterist ics  of  observed  behavior.  It also  descr ibes   the first 
a t t e m p t  t o  combine the  independent  variables  of  the  problem  in 
parametric form, in   o rde r   t o   p rov ide  a framework f o r   c o r r e l a t i n g  
the   resu l t s .   Reference  2 presents  the  comparison  between  coupled- 
and-independent-oscil lator models described above, g ives   the  re- 
s u l t s  of s t a t i s t i ca l  cor re la t ions   o f  momentum energy  and  angular 
spreads  from a planned  design  of 6 4  cases designed  to  cover  the 
range  of   interest ,   and  indicates   the  energy  and  angle-of   incidence 
dependence to   be   expec ted   fo r  He, N e ,  and A r  on a (100) face  
of a N i  l a t t i ce .  

All of   the work descr ibed  in   Refs .  1 and 2 treats a very ele- 
mentary  case, namely, t h e  l a t t i ce  i s  i n i t i a l l y  a t  rest; the  gas  
molecule i s  a poin t  mass; the l a t t i ce  i s  clean and  ideal; i t s  
force  laws are isotropic   (a l though  the atoms are loca ted   i n  a 
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real is t ic  s t r u c t u r e )  ; t h e  intermolecular   potent ia l   curve i s  
assumed  always t o  have t h e  same shape,  and  quantum-mechanical 
effects are ignored. There  are some o the r   l imi t a t ions ,   bu t  these 
are probably t h e  most  important  ones  aside  from t h e  IOL assump- 
tion  previously  mentioned.  Because t h e  primary  motivation  for 
t h i s  work has been the  understanding  and  character izat ion  of  t h e  
aerodynamic effects   of   molecule-surface  interact ions,  t h e  primary 
concern i s  w i t h  very  high t h e r m a l  energies  (0.1-15 ev) and mod- 
e r a t e l y  heavy  gas   par t ic les  (10-40 amu), and fa i r ly   convinc ing  
arguments  can  be made t o   j u s t i f y  t h e  above  assumptions. A f e w  of 
t h e  effects   could  be  qui te   important  however,  and are a l s o  of  con- 
s iderable   fundamenta l   in te res t   in  t h e i r  own r i g h t .  T h i s  r epor t  
and f u t u r e  work w i l l  be  primarily  addressed  toward improved char- 
ac te r iza t ion   of  t h e  e f f e c t s  of these complicat ing  factors .  

Since t h e  descr ip t ion   recorded   in  R e f .  2,  four  major  capabil- 
i t i e s  have  been  added t o  t h e  family  of  computer  programs:  treating 
c rys t a l   p l anes   d i f f e ren t  from t h e  (100); modeling t h e  e f f e c t s  of 
adsorbed  species  by  giving t h e  surface  layer   of  atoms physical  
p rope r t i e s   d i f f e ren t  from  those  of t h e  lower  layers;  and  portray- 
ing  t h e  e f f e c t s  of thermal  motion i n  t h e  l a t t i ce  by a s impl i f ied  
d i s t r i b u t i o n  of i n i t i a l  l a t t i ce  motions. T h e s e  c a p a b i l i t i e s  open 
up a t r u l y  enormous number of  possible cases, and t h e  cases t o   b e  
computed  must be  planned  carefully so  t h a t  t h e  r e s u l t s  w i l l  have 
ove r -a l l  meaning. Each of t h e  above  modifications w i l l  be  de- 
scr ibed,   a long w i t h  t h e  r e su l t s   gene ra t ed   t hus   f a r .  

There  i s  an   add i t iona l   f ea tu re  of t h e  t h e o r e t i c a l  program 
which  i s  designed  to   increase t h e  value  of t h e  numerical computa- 
t i ons .  By t h e  ana lys i s  of  very  simple  models  of  interaction  pro- 
cesses, a semiempirical   correlation  equation t h a t  p red ic t s   qu i t e  
well t h e  energy  exchange  given  by  results  of t h e  computer  calcu- 
l a t i o n s  h a s  been  derived. T h i s  phenomenological  approach has  t h e  
great   advantage  of   giving  physical   insight   into t h e  d e t a i l s  of 
various  types of i n t e rac t ions .  The  approach was f i r s t   t r i e d   i n  
a rough way i n  Ref. 1, but  has s ince  been  improved. The  la tes t  
vers ion i s  desc r ibed   i n  t h i s  r epor t .  It represents  an  important 
p a r t  of f u t u r e  work because i t  gives  a convenient  reference level 
aga ins t  w h i c h  t o   e v a l u a t e  t h e  importance  of  complicating  effects, 
such as internal  degrees  of  freedom. 

Corre la t ion  w i t h  experimental  data i s  v i t a l  t o  t h e  complete- 
ness  of  any  theoretical   investigation,  and t h i s  element i s  thus 
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far   missing  in   the  present   s tudy.  There are a t  t h i s  t i m e  only two 
sources  of  data  available,   al though many inves t iga to r s  are  a c t i v e l y  
s t r i v i n g   t o  improve t h e  s i tua t ion   (c f .   Refs .  3 and 4 ) .  These 
sources are t h e  t h e r m a l  c e l l  experiments,  best  represented by t h e  
work of Thomas and h i s  s tudents   (c f .  Wachman, Ref. 5), and t h e  
s c a t t e r i n g   d i s t r i b u t i o n s  t h a t  have been  and are being  measured by 
many i n v e s t i g a t o r s   i n  l o w  .energy  molecular beams (cf.  Hurlbut, 
Ref. 6 ;  Smith  and  Saltsburg,  Ref. 7 ;  and  Hinchen  and  Foley,  Ref. 8). 
Recent reviews by  Fr.ench  (Ref. 9), Knuth ( R e f .  l o ) ,  and  Anderson, 
Fenn,  and  Andres  (Ref. 11) descr ibe t h e  many c u r r e n t   e f f o r t s   t o  
make measurements a t  epithermal  energies  using  arc  or  shock  tube 
sources,   neutralized  ion beams, and  seeding  techniques. There are 
many problems  associated  with  comparison  between  the  existing  data 
and the   t heo re t i ca l   r e su l t s ,   bu t   t he  most important  ones are t h e  
high wall temperatures  (greater  than  those  of  the  gas)  in  the 
thermal cells, and t h e   d i f f i c u l t y   i n   r e l a t i n g  measured spat ia l  
d i s t r i b u t i o n s  of f l u x  with a l imi ted  sample of exi t ing  molecular  
t ra jector ies   produced by theory. Some a t t e m p t s  being made t o  
bridge  these  gaps are discussed  in  the  Parametric  Analysis  Section 
of t h i s  r e p o r t .  

Recent l i t e r a t u r e  on the  theory of vibrational  energy  ex- 
change in  gases  (Refs.  12  and 13) indicates  an  increasing  confi-  
dence in   the   use  of c l a s s i c a l  mechanics to  describe  such  proces- 
ses. This   fac t  relates to   t he   p re sen t  work i n  two important ways. 
F i r s t ,  the   use of a c l a s s i c a l   o s c i l l a t o r  t o  portray a diatomic 
gas molecule seems more reasonable. Second, the  mathematical s i m -  
i lar i t ies  between  gas-gas  and  gas-surface  interactions  encourage 
the  extension of the  same type of  arguments t o   j u s t i f y   d e f i n i t e l y  
the  use of c l a s s i c a l  mechanics in  the  gas-surface  problem. It is  
c l e a r  a t  t h i s   s t a g e   t h a t  a t  least  t w o  c r i t e r i a  must b e   f u l f i l l e d  
f o r   c l a s s i c a l  methods t o  be  valid:  1) the  de Broglie  wavelength 
of  the  incident  gas particle must be  very much less than  the l a t -  
t ice spacing,  and 2) the  energy  exchanged  with  the  lat t ice  in  the 
classical   approximation must be  large compared t o   t h e  minimum 
phonon energy  allowed  within  the real l a t t i c e .  Both  of these  cri-  
ter ia  a r e   f u l f i l l e d  above Q 0.1  ev  for  atmospheric  species and 
common materials. Quantum mechanics w i l l  also be  required when 
e l e c t r o n i c   e x c i t a t i o n   i n   e i t h e r   t h e  l a t t i ce  or   gas   par t ic les   be-  
gins   to   occur   in   an  appreciable   f ract ion  of   the  molecular   impacts .  
The lower  energy  boundary  for  this  type  of  problem i s  very much 
dependent on t h e  species involved,  but it should  be  above 10 ev 
f o r  most cases of i n t e r e s t .  It appears that  encounters between 
gas particles and f r e e   e l e c t r o n s   i n   t h e  l a t t i ce  w i l l  be  unimpor- 
tant ,   because  the momentum and energy that can   be   t ransfer red   in  
such a c o l l i s i o n  is  indeed  minute. 
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LATTICE STRUCTURE EFFECTS 

One of t h e  most s t r i k i n g   r e s u l t s   t o  come out  of t he  83 cases 
descr ibed  in   Ref .  2 was the  fact   that   the   azimuth  angle   of   inci-  
dence, @i, had  only a very small e f f e c t  on any of t h e   r e s u l t s  
of physical  importance.  This was encouraging  in two respects: 
f i r s t ,  it grea t ly   s impl i f ies   fur ther   s tud ies   (bo th   theore t ica l  
and experimental) i f  one  of the  primary  geometric  variables i s  of 
only minor importance;  and  second, it leads one t o  expect   that  
d i f f e rences   i n   su r f ace   s t ruc tu re  would similarly  prove  of l i t t l e  
importance t o  mean values and s tandard  deviat ions of output quan- 
t i t ies ,  such as energy  exchange  and momentum accommodation coe f f i -  
c i e n t s .  

An inves t iga t ion  w a s  conducted  to  determine  if  the  above p r e -  
liminary  conclusions were co r rec t .  The l a t t i c e   g e n e r a t i o n   l o g i c  
i n   t h e  main program was generalized  to  produce  the  following 
crys ta l   conf igura t ions :  

Body centered  cubic (100) and (110) 

S imple  cubic (100) 

Face  centered  cubic ( loo) ,  (lll), and (110) 

Diamond cubic (100) 

Hexagonal close-packed (100) . 
The r e s u l t i n g   a r r a y s  were p l o t t e d  and  viewed s t e r e o p t i c a l l y  

as w e l l  as checked  geometrically.  Several  runs were made on the  
pr inc ipa l   p lanes  of t he  FCC s t ruc tures   us ing   d i f fe ren t   az imuth  
angles,   while a l l  other  independent  variables were held  constant  
a t  values  expected  to maximize t h e   s e n s i t i v i t y  of t he   i n t e rac t ions  
t o  @i. The r e s u l t s  of  these  runs are shown in   F igs .  1, 2, and 3 .  
A l imi ted  number of  runs were also made with  each of the  other  
ava i l ab le   s t ruc tu res .   Tab le  I shows t h e   r e s u l t s  of  these  calcula- 
t i o n s .  

Although t h e   e f f e c t s  of s t ructure   and  incident   azimuth  angle  
do not appear t o  be of f i r s t  order  importance,  there are some def- 
i n i t e   t r e n d s  which  should  be  pointed  out  and  explained, F i r s t ,  
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the  changes  in  structure  have a much l a r g e r   e f f e c t  on momentum 
than  they do on energy  exchange. This i s  t o  be  expected,  because 
momentum exchanges ref lect   the   roughness   of   the   equipotent ia l  
s u r f a c e s   f e l t  by the  incident  particles,  whereas  energy  exchange 
appears t o  be  controlled  mostly by in t e rac t ion  of the   inc ident  
p a r t i c l e   w i t h   i n d i v i d u a l   l a t t i c e  atoms. More w i l l  be   sa id  on the  
las t  p o i n t   i n  later sec t ions .  

The second major f e a t u r e   i n   t h e   r e s u l t s  i s  tha t   t he   c lose r  
packed  (smoother)  surface  planes  generally showed lower  accomo- 
dation  of  energy  and  tangential  momentum. The reverse  was t r u e  
fo r   t he  normal momentum," with  the  exception of the  (111) case. 

When the  azimuth  angle  changes  from a d i r e c t i o n  of  close 
packing  toward  one  of  greater  distances  between  surface  atoms, we 
would expect   to  see increases   in  a l l  c o e f f i c i e n t s  of  accomoda- 
t ion.   This   t rend i s  observed   qu i te   c lear ly   in   the  FCC (110) case, 
bu t   no t   i n   t he  (100) or  (111) cases  where  changes are much less 

>k 
Note t h a t   i n   t h i s  work the  normal momentum c o e f f i c i e n t  oz i s  
somewhat d i f f e r e n t  from  Schaaf Is (5' i n  Ref. 14 and i s  d i r e c t l y  
proport ional   to   the  surface  pressure  resul t ing  f rom a prescr ibed 
incident  momentum f lux .  The  i nd ica t ed   f l uc tua t ions   i n  oz are 
probably t h e  r e s u l t  of an   i n su f f i c i en t  number of t r a j e c t o r i e s   i n  
t h e  samples. 
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Surface  Plane 

FCC (111) 
Oi - 67.5' 

FCC (100) 
si - 67.5' 

FCC (110) 
m i  - 67.5' 

BCC (100) 
Oi - 67.5' 

15" 

BCC (110) 
Oi - 67.5" 

15" 

sc (100) 
Oi - 67.5" 

15" 

DC (100) 
Oi - 67.5" 

15" 

HCP (100 
Oi - 67.5" 

15" 

TABLE I 

CCHPARISON OF RESULTS  FOR  DIFFERENT  LATTICE  CONFIGURATIONS 
(8 Trajectories  Per  Case) 

Mean  Interaction  Parameters 

EelEi uz - 
0.4826 1.7757 

0.5242 1.9516 

0.6121 1.9252 

0.6146 

1.8203  0.5869 
1.8073 

0.6204~ 
0.5529'  1.7415 

1.8839 

0.4505  1.8530 
0.4482  1.8498 

0.6357  1.9014 
0.5999  1.6523 

0.4825  1.7756 
0.4576  1.7477 

uL - 
0.0687 

0 . O n 3  

0.0114 

0.0030 
0.0098 

0.1337 
0.0019 

0.0078 
0.0073 

0.2098 
0.2225 

0.0687 
0.0121 - 

-I 
COS e 3,L 

~.19601 0.6154 

3.62061 0.7549 

0.9273  0.7340 

3.9111 
0.6508  3.9557 
0.6405 

3.8581 
0.5883  3.5963 
0.7012 

3.1619 

0.6742 3.1568 
0.6767 

1.9516 

0.5175 3. 8043 
0.7151 

1.1959 
0.5932 I.  1334 
0.6153 

T 
10fl 

77.0301 

88.0035 

44.3370 

16.7120 
67.2176 

13.3883 
10.3820 

69.2130 

13.4201 

78.7142 
86.0119 

77.0311 
13.965 

B: 1. Azimuth  angle (si) is  measured  from  direction 
of closest  packing  except  BCC ( loo) ,  SC ( loo) ,  
and DC (100) where % - 0 i s  edge of unit  cell. 

2. Independent  variables  are: 
and2 

n2 - - 
"i 

- 3.162 o/d - 1.375 Bi - 135' 

€/Ei - 0.008 me/mg - 2.818 

i (Ee/E; 

0.0910 

0.1174 

0.1446 

0.1730 
0.1820 

0.1490 
0.1752 

0.0941 
0.09141 

0.2021 
0,2154 

0.0910 
0.0842 - 

Standard  Deviations 
'I I1 

0.1838 0.2488 0.2243 

0.2746  0.4991  0.2453 

0.2063 0.5452 0.2684 

0.2920 

0.7113 0.2459 0.2900 
0.6647 0.2621 

0.2835 
0.6603 0.2608  0.3412 
0.6136 0.1854 

0.1668 

0.1856 0.1395  0.1567 
0.1951  0.1345 

0.1095 

0.7730 0.1702 0.2800 
0.5927 0.1550 

0.1838 

0.1669  0.2327 0.1637 
0.2488  0.2243 

,(COS e,: 

0.1458 

0.2178 

0.1636 

0.2317 
0.2301 

0.2249 
0.2707 

0.1323 
0.1243 

0.0869 
0.2221 

0.1458 
0,1299 - 

~~ 

- 
s (Off) - 

28.5094 

71.627899 

02.463699 

02.5463 
04.2821 

02.3984 
92.9806 

15.48541 
16.0373 

59.2478 
66.1951 

28.5033 
24.2309 

3 .  Momentum  Parameters: 
oz - Total Normal Momentum  ExchangedIIncident 

uL - Net  Lateral  MomentumIIncident  Momentum 
ut  Tangential  Momentum  ExchangedIIncident 

Normal  Momentum 

Tangential  Momentum 



not iceable .  The lower  energy  and  tangential momentum exchanges 
shown f o r   t h e  SC (100) case can  be  explained  in   the same way, 
because  the number of l a t t i ce  atoms pe r  volume d3 i s  highest  
f o r   t h a t   s t r u c t u r e  (nsc = 1, nfcc - - 1  2, nbcc = 6, 1 ndc = $) and 
a l l  cases in   Table  I were computed with  o/d = 1.375. 

ADSORBED  SURFACE  LAYERS 
It has  been known f o r  some t i m e  that   the   presence  of   surface 

contaminants  has  had  an  overriding  effect on t h e   v a l i d i t y  of most 
of   the   ex is t ing   da ta   t aken   in   gas   sur face   in te rac t ions   (c f .  Wach- 
man, Ref.   5).   Recent  experience  with  molecular  trajectories  has 
reaf f i rmed  these   fac ts  and  helped t o  c l a r i f y   t h e  mechanisms by 
which the  adsorbed  species  can  produce  these  large  effects.  

A model was devised  to  portray  adsorbed  species on an i d e a l  
subs t ra te   sur face .  It has   thus   fa r  been r e s t r i c t e d   t o  complete 
monolayers,  although it i s  hoped i n  later work t o  treat  a few 
types of par t ia l  coverage  geometries.   Physical   properties were 
in t roduced   for   the   top   l ayer  of atoms, which were independent of 
those of the  bulk atoms. The binding  energy  between  bulk  and  sub- 
strate i s  the re fo re   r e f l ec t ed   i n   t he   sp r ing   cons t an t   (E ins t e in  
frequency) of the  top  layer  of atoms, while   surface and  bulk atoms 
each   in te rac t   wi th   the   gas   par t ic le  by independent  Lennard-Jones 
6-12 p o t e n t i a l s .  

The adsorbed  contaminant model has  been  used  in a few screen- 
ing  runs  and  in a balanced  design  of 16 cases.  The design  has  the 
same surface  property  pat tern as used  in  Ref.  2 for  uniform  crys- 
t a l s ,  while  bulk  properties w e r e  q u i t e   d i f f e r e n t .   ( I n i t i a l  l a t -  
t ice  thermal  motion w a s  a lso included  in   this   plan,  as described 
in   the  fol lowing  sect ion.)  The d i f f e r e n c e s   i n   r e s u l t s  between 
corresponding  cases were then  analyzed. A cor re l a t ion  of t h e   d i f -  
ferences i s  shown in  Table 11 and the   da t a  are given  in   the Appen- 
d ix  as runs 84 through 99. 

With the  exception of a few s p e c i a l   s i t u a t i o n s ,   t h e   r e s u l t s  
i n d i c a t e   t h a t   t h e  uppermost layer  dominates  the  energy  exchange, 
and plays a very  large pa r t  i n  momentum exchanges.  This  over-all 
conclusion  indicates   that   the  p r o p e r t i e s  of the  adsorbate  and i t s  
bond t o  the  bulk  should  prove much more imp-- 
ac t ion   than   the   p roper t ies  of the  bulk.  This i s  t r u e  even f o r  

8 



TABLE I1 

CORRELATION COEFFICIENTS FOR DIFFERENCES BETWEEN MATCHED CASES 

SHOWING EFFECTS OF ADSORBED CONTAMINANTS AND LATTICE MOTION 

(16 Pai rs   in  Which Surface  Properties and Incident Geometries Coincide, 
But Bulk Properties  are  Different and Lat t ice  Temperature i s  Introduced) 

-.. 

BULK PROPERTIES SURFACE PROPERTIES INCIDENT GEOMETRY 
LATTICE 

TEHPERATURE 

Mean Diff. 
in  Output en - 

ln(ms/m g ) en(E/Ei)s (o/dIs en(ns) 'i  'i ln(%/mg) en(E/Ei)b (dd),, en($) Level 
3 kTw 2 

Ei 

(Ti) Lin. Quad. Lin. Quad. Lin. Quad. Lin. Quad. 

-0 .292  -0 .005  0 .103  -0 .068 0.041 -0.003 -0.000 -0.001 0.018  0 .026  0 .032  -0 .109  -0 .022  0 .045  r0 .198  -0 .068 

-0 .118  0 .031  -0 .467  -0 .046  0 .080  0 ,002 0.000 0 .002  0 .003  0 .018  -0 .687  -0 .113  -0 .043  0 .141  0 .042  0 .033 

0 .015  -0 .017  0 .481  -0 .022  -0 .009  0 .004 -0.000 -0.900 -0.026  0.009  -0.242  -0.043  0.005  -0.097  -0.043  0.026 

0.136  0 .043  -1 .525  0 .068  -0 .071 0.008 -0.000 -0.001 -0.033  -0.026  0.378  0.125  0.038  0.150  0.083  0.057 

-0.018  0 .003  -0 .451  -0 .030  0 .021 0.000 -0.000 0.003 -0.015 0.012  -0.523  -0.033 -0.011 0.003 0.011 0.017 

-52.136  2 .553  6 .987  0 .329  -5 .901  -0 .647  -0 .026  0 .931  3 .493  -0 .130  15.559  2 .963  3 .192  18.212  7 .190  0 .918 

-0 .182  0 ,009  -0 .186  -0 .046  -0 .033  -0 .002 -0.000 -0.002 0.011 0.018  -0 .188  -0 .019 0.018 -0.034  -0.145  -0.038 

0.013  -0.004  -0.114  -0.002  -0.030  0.002 -0.000 -0.002  0 .004 0.000 0.487  0 .041  0 .016  0 .127  -0 .023  -0 .023 

-0.013  -0 .005  -0 .538  -0 .021  0 .046 0.001 -0.000 0.001 0.020  0 .008  0 .413  0 .007  -0 .024  0 .059 -0.081 -0.016 

-0.134 0.008 0 .489  0 .022  -0 .083 -0.010  -0.000 -0 .015  0 .077  -0 .009  0 .251  0 .015  0 .044  -0 .502  -0 .181  -0 .080 

0 .001  0.000 0 .012  0 .002  -0 .018  0 .002 0.000 -0 .002  0 .004 -0.000 0 .344  0.018 0.010 0 .088  0 .004 -0.011 

6.473  2 .584  -135.163  0 .354  1 .317  1 .136  -0 .009  -0 .058  1 .319  -0 .140  -24.577  3 .889  -0 .712  -19.366  1 .121  0 .390 

Mean Input 
Level  (x.) 1.152  1 .375  -4 .83   1 .732  142.5   142.5   22 .5   1 .151  1 .151  1 .375  -4 .83   -4 .83   1 .035  1 .725  1 .725 

Exponent (n.) 

J 

3 
1 1 1 1 1 2 1  1 2 1 1 2 1 1 2 

- Notes: 1. Correlated  differences (AYi) are   posi t ive 3 .  These coefficients  are  only  indicative of re la t ive  
when adsorbed  contaminant  or l a t t i c e  tempera- importance,  because  they  have been calculated  with 
ture  decreases  correlated  quantity (Yi). a re la t ive ly  small factorial   design. 

in  the  following  relationship: 
2 .  Tabulated  values  are  the  correlation  coefficients 

1 5  

AYi = Ti + 1 Ai j  (xj - zj) j - n 

j=l  



only a monolayer  of adsorbate.  A s  pointed  out  by Cook (Ref. 15), 
oxygen w i l l  be   the most pe r s i s t en t   adso rba te   i n  most s i t ua t ions ,  
and the  considerat ion  of   interact ion  with  an oxygen layer  i s  an 
important   specif ic   appl icat ion  to   be  considered  in   future  work. 

The r e s u l t s  of calculations  using  the  adsorbed  layer model 
i s  d iscussed   in   the   sec t ion  on parametric ana lys i s ,  where the  
dominance  of the   sur face   l ayer  i s  c l e a r l y  shown in  the  energy  ex-  
change co r re l a t ions .  

LATTICE  THERMAL  MOT1 ON 

There were two major d i f f icu l t ies   tha t   p revented   inc luding  
thermal  motion  in  the  original  theory of  Ref. 1. The f i r s t  i s  
that   the   conservat ion  of   total   energy,  which i s  a v i t a l  monitor 
on the  accuracy  of  each  trajectory  computation, would not  be p re -  
served  because  the s ta t is t ics  would no t   be   r e l i ab le   i n   t he  small 
sample of la t t ice  atoms  (a few hundred a t  most). The second was 
tha t   t he   i n t roduc t ion  of  randomness  and the  presence  of  another 
independent  variable would be   s e r ious ly   de t r imen ta l   t o   t he  number 
of  runs  required  to  achieve a c e r t a i n   l e v e l  of confidence  in   the 
r e s u l t s .  Completion  of t h e   s t a t i s t i c a l   p l a n  of  Ref. 2 and the  
achievement  of a moderately  re l iable   correlat ion  for   energy ex- 
change e s t ab l i shed  a good standard of r e fe rence   t ha t   g rea t ly  re- 
l ieved  the  second  diff icul ty .  The f i r s t   d i f f i c u l t y  w a s  overcome 
by  choosing  an  approximate model for   the  thermal   motion  that  
should  represent   the  major   effects   correct ly ,   but  s t i l l  preserves 
a reliable  energy  balance  for  any number of l a t t i c e  atoms. 

An a rb i t r a ry   v ib ra t iona l   ene rgy  p e r  l a t t i c e  atom was assigned 
as an  input   var iable .  Complete e q u i p a r t i t i o n  was then  enforced; 
i .e . ,  each l a t t i c e  atom  has  the same vibrat ional   energy  in   each 
of   the  three  or thogonal   direct ions (x, y, z ) .  This  determined 
the   v ibra t iona l   ampl i tudes ,   a f te r  which a random number genera- 
t o r  ass igned   a rb i t ra ry   in i t ia l   phase   angles   to   each   of   the   th ree  
d i rec t ions   for   each  atom. From tha t   po in t   t he   i n t eg ra t ion  of t he  
motion  of  each o s c i l l a t o r   s u b j e c t   t o   t h e   f o r c e s  of the  gas  p a r t i -  
c l e  (and in   t he   ca se  of the   coupled   osc i l la tor  la t t ice ,  the  near-  
est  neighbors)  proceeded  in  the  usual way. Because the  exact  
quant i ty  of energy  or iginal ly   possessed by each atom was known, 
it  w a s  a s imple matter to   t ake  it into  account  in  the  energy  bal-  
ance. A more rea l i s t ic  d i s t r i b u t i o n  of i n i t i a l  l a t t i ce  states 
would make th i s   p rocess   cons iderably  more d i f f i c u l t .  

10 



In   the  present  model one def ines   an  effect ive  temperature  
such   t ha t   t he   t o t a l   ene rgy  of each atom (6 degrees of  freedom) is  
3kG.  Figures  4, 5, and 6 show a few e a r l y   r e s u l t s  of  varying 
Q = 3kG/Ei   wi th  a l l  o ther   input   var iab les   f ixed .  The centroid 
of the  experimental  region of the  64-run  plan  of  Ref. 2 w a s  chosen 
t o  determine  "typical"  values  for a l l  of   these  other   var iables .  
These resu l t s   should   no t   be   in te rpre ted  as being more than  an  in- 
d i ca t ion  of  probable w a l l  temperature  effects,   because  they  cannot 
show the  coupling  with  other  input parameters (most no tab ly   the  
na tura l   f requency-col l i s ion   dura t ion   var iab le ,   %T~) ,  and  be- 
cause  there  are not  enough cases   to   properly  average  out   the   ran-  
domness inherent   in   the  l a t t i ce  motion. 

\ 
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PARAMETRIC ANALYSIS 

The l a rge  number of independent   var iables   necessary  to   deter-  
mine t h e  state of a gas-surface  interact ion,   and t h e  r e l a t i v e l y  
r e s t r i c t e d   a v a i l a b i l i t y  of high  speed  computation on t h e  required 
scale demand t h a t  f i n a l   r e s u l t s  of t h e  inves t iga t ions  be co r re l a -  
t e d   i n  a form which can  readily  be  evaluated. The use  of  nondi- 
mensional parameters caused t h e  number of independent  variables 
f o r  t h e  simplest  case (monatomic gas, no t h e r m a l  motion  or  surface 
contamination,  specified l a t t i ce  s t ruc ture)   to   be   reduced  from 
e i g h t   t o   s i x .  Two wel l -es tab i l i shed   ana ly t ica l   t echniques ,  sta- 
t i s t i c a l   a n a l y s i s  and  simili tude,  were used. The former  approach 
was employed extensively  in   Ref .  2, and i s  a l s o  employed i n  t h e  
cu r ren t   e f fo r t   t o   ana lyze  t h e  e f fec ts   o f  wall temperature and ad- 
sorbed  surface  layers .  T h i s  s ec t ion   desc r ibes   e f fo r t s   t o   exp lo i t  
a highly  s implif ied model  of the  energy  exchange  process i n  a gas- 
su r f ace   i n t e rac t ion  by c o r r e l a t i n g  t h e  r e s u l t s  of t he   t r a j ec to ry  
c a l c u l a t i o n s   i n  t h e  mathematical forms suggested by t h e  simpler 
model. T h e  f i r s t   e f f o r t   a l o n g  these l i n e s  was desc r ibed   i n  R e f .  1, 
but  t h e  present  approach has  proven f a r   s u p e r i o r   t o  t h a t  ana lys i s .  
The assumptions  and form of t h e  following  analysis rest  heavi ly  
on qua l i ta t ive   exper ience  from a l a rge  number of  calculated tra- 
j e c t o r i e s ,  and on t r i a l  and   e r ro r   fo r   s eve ra l   co r re l a t ion  forms, 
as wel l  as on the  indicated  mathematical  development. 

The energy  exchange in   the   p r imary   encounter   wi th   the   l a t t i ce  
i s  assumed t o  take  place  exclusively  with a s i n g l e  atom.  This i m -  
pact  atom responds t o  t h e   f o r c e   f i e l d  of   the  passing  gas   par t ic le  
and accepts a p red ic t ab le   f r ac t ion  of  the  gas particle 's  energy, 
a f t e r  which t h i s  model assumes t h a t   t h e  l a t t i ce  atom persists i n  
s teady state o s c i l l a t i o n .   I n  an ac tua l   l a t t i ce ,   the   energy   ac-  
cepted would  be  propagated  rapidly  to  neighboring  atoms.  Follow- 
ing  this   encounter ,   the   gas  par t ic le  must e i t h e r   r e t a i n   s u f f i c i e n t  
momentum normal t o  t he   su r f ace  t o  "climb  out" of the  long  range 
attractive p o t e n t i a l  w e l l  of t he   en t i r e   c rys t a l ,   o r   be   pu l l ed  
back to   encounter   another   surface atom. Each subsequent  coll ision 
reduces  the  possibil i ty  of  escape,  therefore w e  assume t h a t  a sec- 
ond sur face   co l l i s ion   resu l t s   in   comple te  accommodation. 
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Primary Collision 

The dr iv ing   force   ac t ing  on t h e  l a t t i ce  atom i n  terms of an 
assumed t i m e  dependence, i s  character ized by 

where Fo and a are parameters t o  be  determined  from  input  con- 
d i t i o n s  and the   co r re l a t ion  of t h e   r e s u l t s  of t he   l a rge   s ca l e  
numerical  computations of Ref. 2 .  Spec i f i c  forms that  have  been 
t r i e d   f o r   g ( t ,   a )  are ind ica ted   in   Table  111. The la t t ice  i s  
a t  rest a t  t = - 03. 

The assumption of a p a r t i c u l a r  t i m e  dependence car r ies   wi th  
it the  need  for a cons is ten t  method of   character iz ing  the ampli-  
tude  and  duration of t h e   f o r c e   p u l s e .   I n   t h e   f i r s t  a t tempt  a t  a 
parametric  analysis  of  the  problem  (Ref. l), a s impl i f ied  momen- 
tum balance was employed to   determine  an  effect ive  dis tance of 
c losest   approach  between  la t t ice  atom and  gas  particle.  Although 
conceptual ly   consis tent ,   the   s teepness   of   the   intermolecular  po- 
t e n t i a l  made this   approach much too   sens i t ive   to   changes  of input 
conditions,  and the  resul t ing  expressions  for   the  force  ampli tude 
were not   too   usefu l .  An approach  that  i s  r e l a t e d  t o  the  previous 
one,  but  which  gives a b e t t e r  behaved  expression,  follows. 

In  the  hard  sphere l i m i t  (HSL), where the   dura t ion  of con- 
t a c t  i s  so sho r t   t ha t  l a t t i ce  displacement  during  contact  can  be 
neglected,  the  energy of t h e   l a t t i c e  atom immediately  following 
impact i s  a l l  k i n e t i c  and  given  by  the well-known  formula* 

Ei 

* 
All fur ther   discussion treats p > 1. The a l t e r n a t e   c a s e  i s  
t r e a t e d  as i n  E q .  ( 2 ) .  - 
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TABLE 111 

ASSUMED  FORCE-PULSE  SHAPES AND ’ 

RESULTING ENERGY EXCHANGES - PRIMARY COLLISION 

1. 

S i n e   P u l s e  

2 .  

T r i a n g u l a r  
Pulse 

3 .  

Absolute 
Exponential 
P u l s e  

4 .  
Gaussian 
P u l s e  

0 

s in 

0 

0 

- 2 t  
a 

a t O < t  

2 (a-t) 
a a12  < 

0 

exp {- at2) 

IJ La 
4 1 + cos a- - 7.r 

7TcD 
6 + 2 cos a n 4 

- 8 cos - 2a 

2 a 
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Simi lar ly ,   the  momentum is  

where 1~. i s  t h e  mass of t h e   l a t t i c e  atom divided by tha t   o f   the  
g a s   p a r t i c l e   [ n o t e   t h a t   t h i s  i s  the   rec iproca l   o f   the  IJ. used  by 
Goodman (Ref. 16) and Cook (Ref. 15) ] and subscr ip ts  a -and i 
denote l a t t i ce  and  incident   quant i t ies ,   respect ively.  

Figure 7 shows t h e   r e s u l t s  of several t r a j ec to ry   ca l cu la t ions  
conducted   spec i f ica l ly   to  assess t h e   v a l i d i t y  of applying  the HSL 
t o   t h e  model. All of  these  cases  have  very low natural   frequen- 
c ies   ( sof t   spr ings)   in   the   l a t t i ce ,   and  are of normal  incidence. 
They demonstrate  the  effect   of  the momentum c o n s t r a i n t   i n  E q .  (2), 
even when the   co l l i s ion   par tners   have   "sof t"   po ten t ia l s  and a 
s i g n i f i c a n t   l a t t i c e   s t r u c t u r e .  

NORMAL  INCIDENCE  FLAGS  DENOTE  TRAPPING 
FCC  STRUCTURE, (100) FACE  FILLED-HEAD ON 

A D = 0.01 

EINSTEIN  LATTICE 
r / d  = 1 .  5 n 2  = 0.05 
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W- 

1 . 9 -  
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H 
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0 
!a . 4 -  

0 . 5 -  SINGLE  ATOM 

-3-T"" SURFACE 

AIMING 
\ \ \ \ \  POrNTS 

MASS RATIO c m r h g  

Fig. 7 Energy Accommodation Coeff ic ient  
as a Function of Mass Ratio 

In  an elastic c o l l i s i o n  between "soft"  spheres,   the  expres- 
s i o n   f o r   t h e   f i n a l   l a t t i c e  momentum i s  given  by 
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i f   t h e   f o r c e s  of the   spr ings  are neglected.  It i s  assumed t h a t  
the  impulse  transmitted  to a la t t ice  atom with  spr ings i s  the  
same as in   the  "hard"  sphere l i m i t ,  namely, 

When the   i n t eg ra t ion  of Eq. (5) i s  carr ied  out   for   each of 
the  pulse  shapes  given  in  Table 111, and the  equation of  motion 
for   the  forced  harmonic  osci l la tor  i s  s o l v e d   f o r   t h e   f i n a l   t o t a l  
osci l la tor   energy  in   each  case,   the   expressions  given  in   Table  111 
f o r   t h e   f i n a l  l a t t i ce  energy   ra t io   resu l t .   Clear ly ,   each   case  re- 
duces   to   the   cor rec t   form  in   the  HSL, and  each shows a vanishing 
accormnodation as + ( the  natural   angular   f requency  of   the l a t -  
t i ce)   approaches   in f in i ty .  The above  assumptions,  therefore,  have 
t h e   e f f e c t  o f   decoupl ing   the   iner t ia l   fac tor  from the  dynamic re- 
sponse  factor  associated  with  the  spring.  In  each  of  the  four 
cases   t he   r e su l t  i s  a one parameter expression  for  the  energy  ac- 
commodation in   the   p r imary   co l l i s ion .  

A t  t h i s   p o i n t   i n   t h e  development  empirical   cri teria are in t ro -  
duced.  Analysis of t h e   r e s u l t s  of the  83 separate c a s e s   f i r s t  re- 
ported  in  Ref.  2 showed tha t   t he   bes t   f i t   ove r   t he   comple t e  dynamic 
range  could  be  achieved by use  of  the  Gaussian  pulse,  case 4 i n  
Table 111. The i n t e r e s t i n g   f e a t u r e  a t  t h i s   s t a g e  i s  tha t   the   va lue  
of I t  I I  a t h a t   g i v e s   t h e   b e s t   f i t   t o   t h e   d a t a  i s  ve ry   c lose   t o  

50(V./a) , where Vi i s  the  incident  molecular  velocity  and a 
i s  t h e  L J  6-12 molecular  diameter. The c h a r a c t e r i s t i c   c o l l i s i o n  
t i m e  is, therefore ,   very much less than  that  expected  from s imple  
physical  reasoning. 

2 
1 

Geometric  Correction 

The t rad i t iona l   hard   sphere  mass l a w  assumes a head-on c o l l i -  
s ion  of t he   gas   pa r t i c l e   w i th   t he  impact atom. In a glancing 
co l l i s ion ,   the   log ica l   ex tens ion  of t h i s   r e l a t i o n s h i p  would be 
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4cL 2 E ~ / E ~  = COS e where eR i s  the angle  between the   in -  R' 
(1 + cL)2 

c ident   d i rec t ion   and  the reco i l   d i r ec t ion .   In   an   ac tua l   ca se   i n  
which i n c i d e n t   t r a j e c t o r i e s  are uniformly  distributed  over  the 
c e l l   s u r f a c e   s t r u c t u r e ,   t h e  effective mean fo r   t he   r eco i l   ang le  
becomes ve ry   d i f f i cu l t   t o   de t e rmine .  The numer ica l   resu l t s   agree  
very w e l l  with 

a = - a  head-on (COS e . )  
1 

where Q i  i s  the   angle  between the   i nc iden t   ve loc i ty  and the  sur-  
face  normal. The modification  implied by E q .  ( 6 )  i s  app l i ed   t o  
t h e   r e s u l t s   f o r   t h e  head-on  primary  coll ision  to  give 

where  the  present  best   value  for a '  i s  - 0.011. 

Long Range Effects 

Although the  assumption  that  a s i n g l e   l a t t i c e  atom  dominates 
the  energy  exchange  has  been w e l l  supported by experience  in  a 
l a rge  number of   cases ,   the   effects  of long  range  forces from the  
e n t i r e   c r y s t a l  are s t i l l  s i g n i f i c a n t ,   p a r t i c u l a r l y  a t  lower i n c i -  
dent  energies.  These e f f e c t s  arise i n  two ways. First, the   in -  
c ident  particle f a l l s  through a p o t e n t i a l  w e l l  before   s t r ik ing   the  
impact atom, and therefore   has   an   increased   e f fec t ive   inc ident  
energy.  Although  this  energy must be  "paid  back"  in  "climbing 
away" from the   l a t t i ce ,   t he   gas   ene rgy  a t  that   point   has   been re- 
duced by the   p r imary   co l l i s ion .  This effect   can  be  accounted  for  
by the  following  correction: 

0 

where A i s  the  normalized attractive p o t e n t i a l  a t  the  approxi- 
mate locat ion  of   the  pr imary  col l is ion.  The corrected accommoda- 
t i on   coe f f i c i en t   t hen  becomes 
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I f   t he   po in t   cen te r s  of p o t e n t i a l  are assumed t o  be  continu- 
o u s l y   d i s t r i b u t e d   i n  a s e m i - i n f i n i t e   l a t t i c e ,   t h e   t o t a l   a t t r a c t i v e  
p o t e n t i a l  on a p a r t i c l e  a t  zo can  be  found, by a sphe r i ca l   i n t e -  
gra t ion ,   to   be  

3 
@ = 21T n (5) ( ~ r / d ) ~  E 3 

0 

where d i s  t h e   l a t t i c e   g r i d   s p a c i n g  parameter (1/2 u n i t   c e l l  
edge  for FCC and BCC, one u n i t  cell  edge f o r  s i m p l e  cubic, 
and 1 /5  t h e  edge f o r  diamond s t ruc tu re ) ,  n i s  the  number of l a t -  
t i c e  atoms p e r  volume of d3,  and E i s  the  Lennard-Jones 6-12 
binding  energy. E i  w i l l  hereinafter  be  considered  as  being es- 
tab l i shed  as z + 03. For  present  purposes it i s  assumed t h a t  
z = 0 ,  a value which r ep resen t s   t r a j ec to ry   expe r i ence   f a i r ly  
w g l l ,  and 

L L 

2 where the  cos 8 t e r m  accounts  for  incident  angles  other  than 
normal, as it i s  only  the  energy  equivalent of the  normal momentum 
t h a t  i s  involved  with  the  a t t ract ive  potent ia l   in   the  cont inuum 
approximation. 

i 

The second  and most important way i n  which  the  long  range 
fo rces   a f f ec t   t he   i n t e rac t ion  i s  in  the  trapping  of  portions  of 
t he   t rue   ex i t i ng   d i s t r ibu t ion  of molecules. There i s  no r a t i o n a l  
approach t o  modeling t h i s   e f f e c t   i n   t h e   a b s e n c e  of a good descrip- 
t i o n  of the   ou tput   d i s t r ibu t ions  as a function  of  input  conditions. 
The experience  provided by the  83 cases   for  which the re  are numeri- 
ca l   ca l cu la t ions  of 18-unit samples of the   ou tput   d i s t r ibu t ions  
again  supply  the  needed  cri teria.  The  mean e x i t  normal momentum 

* 
See a l s o  Eq. ( l l a )   fo r   t r ea tmen t   i n   t he   ca se  of adsorbed  surface 
contaminants. 
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f o r  a given  incident state depends  strongly on the  incident  normal 
momentum, the  energy exchange in  the  primary  encounter,  and  the 
l a t t i ce   su r f ace   conf igu ra t ion .  . The pract ice   adopted  here   has  been 
t o  express   tha t   f rac t ion  of t h e  ex i t  d i s t r i b u t i o n  of states which 
has   i n su f f i c i en t  normal momentum to  prevent   t rapping as an em- 
p i r ical ly   determined  funct ion  of   the  incident   normal  momentum. 

This   re la t ionship i s  expressed as 

-2 

2m 1 (12) 
" pz 2 

= b cos 6 . ( l  + A) (1 - a p ) ( l  - e - m )  
g 

where again  the  best   value  for  b has  been  determined from analy- 
s is  of the   numer ica l   da ta   to   be   very   c lose   to  1/2,  and pz i s  the  
r a t i o  of mean e x i t  normal momentum t o  the   inc ident  normal momentum. 
The l a s t  f a c t o r   i n  E q .  (12) has  been  introduced somewhat a r b i -  
t rar i ly   to   enforce  complete   t rapping  in   the l i m i t  of small incident  
energy. It has  very l i t t l e  e f f e c t  on cases  having  high  incident 
energy. 

Whenever p, < 2mgA, some portion  of  the exit d i s t r i b u t i o n  -2 

w i l l  expe r i ence   add i t iona l   co l l i s ions   w i th   t he   l a t t i ce  and  be 
trapped  or  adsorbed. An e f f ec t ive   t r apped   f r ac t ion  q can  be es- 
t imated  for   these  cases  by 

"3 

Because t rapping  resul ts   in   complete  accommodation, t he   r e su l t i ng  
f inal   expression  for   correlat ing  the  numerical   data   for   cold  sur-  
faces  becomes 

This   re la t ionship  was used   to   genera te   the   cor re la t ion   in   F ig .  8. 
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PREDICTED Ee/Ei 

Fig. 8 Correlation by Eq. (14) o f  83 C a s e s  from R e f .  2 
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Correlation of Wall Temperature Effects 

In   order   to   perform any  comparison  between the   r e su l t s   and  
ex i s t ing   da t a ,   t he re  must  be some understanding  of  the  effects of 
lattice  thermal  motion.  Although a crude model f o r , t r e a t i n g   t h i s  
case i s  ava i l ab le   i n   t he   t r a j ec to ry   ca l cu la t ions ,   an   ex tens ion   t o  
the  parametric analysis  to  account  for  thermal  motion i s  a l s o  re- 
quired.  

Marsh (Ref. 17)  suggested a r e l axa t ion  model for   gas-surface 
interact ions.   Al though  this   analysis   does  not   use   his  model, t he  
same concept of a r e l axa t ion  toward  thermal  equilibrium  during  the 
t i m e  of  residence  has  been  employed. The convent ional   def ini t ion 
of thermal accommodation c o e f f i c i e n t  i s  avoided  here,  because it  
has   s ingu la r i t i e s   fo r   ca ses   i n  which t h e   d i s t r i b u t i o n  of incident  
energies  i s  non-Maxwellian (c f . ,  Goodman, Ref. 18). Logan and 
Stickney  (Ref. 19) present   an  a l ternate   thermal  model which shows 
promising  agreement  with  thermal  effects  in  molecular beam sca t -  
ter ing,   but  a s i m p l e r  r e l a t ionsh ip  i s  suf f ic ien t   for   p resent   pur -  
poses .  

The exi t ing   gas   par t ic le   energy  i s  assumed to   be  a t  least as 
l a rge  as t h a t   r e s u l t i n g  from in t e rac t ion   w i th   t he  same l a t t i c e   i n  
a cold  condition. The correlat ion  equat ion [Eq. (14)] i s  employed 
to   def ine  this   condi t ion.   I f   permit ted  to   remain  in   contact   wi th  
t h e   l a t t i c e   f o r   a n   i n d e f i n i t e   p e r i o d ,   t h e   g a s   p a r t i c l e  would  emerge 

with  an  average  energy kTw, where n i s  the  number of ac- 
tive degrees of  freedom of the  gas  particle.   This  energy i s  there-  
fore   ass igned   to  a l l  par t ic les   t rapped  [ i . e . ,  t h e   f r a c t i o n  q i n  
Eq. (14)]. After  a pr imary  col l is ion  the  gas-par t ic le   energy w i l l  
probably  be  increased  by  latt ice  thermal  vibrations,  and t h a t   t h e  
amount of th i s   increase   should  depend on t h e  t i m e  (measured i n  
la t t ice   v ibra t ion   cyc les )   tha t   the   inc ident   par t ic le   spends   in   the  
v i c i n i t y  of t h e   l a t t i c e .  The following  equation  quantizes  this 
argument : 

n + l  
2 

n +  1 kTw - (1- q ) ( ~  n + l  kTw) (1 - e 
Ee(Tw> = E l  (0) - 2 ) (15) 
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Once aga in   cu rve   f i t t i ng  i s  used t o  determine a bes t   va lue  
for   the   re laxa t ion   cons tan t   c .  The present   bes t   va lue   for  c 
appears  to  be  about 0.2.  

Although t h e   r e s u l t s  of  employing Eq. (15) t o   c o r r e l a t e  cases 
having  large  values  of 3kTw/Ei  show a l o t  of s ca t t e r ,   t he   ap -  
proach appears t o  be  adequate  for  the  present  purposes.  The ob- 
se rved   co r re l a t ion   e r ro r s  seem t o  be  almost  completely due t o   t h e  
small sample of random phase  angles  in  the  individual  encounters,  
and a t  t h i s   w r i t i n g ,   t h e r e  appears to   be  no s i g n i f i c a n t   e f f e c t  of 
any  other  physical   variable on the   cor re la t ion .   F igure  9 shows 
r e s u l t s  of 70 cases   i nvo lv ing   d i f f e ren t   l a t t i ce   s t ruc tu res ,  wall  
temperatures,   and  adsorbed  species  configurations  correlated 
aga ins t  Eq. (15). The input   data  and the   o the r   r e su l t s  of  these 
runs are tabula ted   in   the  Appendix. The adsorbed  contaminant 
proper t ies  were used  in   evaluat ing Eq. (15). The only   e f fec t  of 
the   bu lk   tha t  was included was i n  computing the  long-range  a t t rac-  
t ive force ,   for  which Eq .  (11) w a s  modified  to  superpose  the  bulk 
and sur face- layer   a t t rac t ions .  Because the  bulk i s  one l a t t i c e -  
point   spacing  fur ther  away, E q .  (11) becomes i n   t h i s   c a s e  

3 - 

1 (1 + 5)3 
27m 

3E. cos Bi 
E (") + - b A =  2 s d s  

- b -  

where the   subscr ip ts  b and s denote  bulk and sur face  proper -  
t ies,  respect ively.   This  change i s  important when t h e   a t t r a c t i o n  
of the  bulk is  very much g rea t e r  than  that  of the  surface.  

Determination of Empirical  Parameters 

Numerical va lues   for   the   coef f ic ien ts  a, b,  and c which 
have  been  introduced to   account   for   factors   that   cannot   be ra- 
t iona l ly   eva lua ted   in  t h e  model,  have  been  determined by i t e r a t i o n  
in   o rder  t o  minimize  the  differences between va lues   p red ic ted   for  
a by Eq. (15) and the  values   resul t ing  f rom  the  numerical   t ra jec-  
t o ry   ca l cu la t ions  of  Ref. 5. The e r r o r  measurement t h a t  was f i -  
nally  chosen  for  minimization  (several   others were a l s o   t r i e d )  w a s  
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N 
1 I a ca l c   r ed  I - a  

6 = -  
N 1 0.05 + 3 (acal: + a  pred 1 

n=l  

The form of Eq. (16) w a s  employed t o  give  roughly  equal 
weight t o  the  cases  having  high and low values  of a ,  t o  avoid 
accidental   zeros  in  the  denominator,   and t o  prevent one o r  two 
very  large  differences  f rom  disproport ionately  affect ing  the op- 
t imiza t ion .  The resu l t ing   va lues   for  several s t a t i s t i c a l  measures 
of the  degree of co r re l a t ion  are given  in  Table I V ,  and  the  corre- 
l a t i o n s  are d isp layed   graphica l ly   in   F igs .  8 and 9. It is  impor- 
t a n t   t o   r e a l i z e   t h a t   t h e   i n d i c a t e d   d a t a  are distributed  over  wide 
ranges of the  input   data ,  namely: 

cud 
0.32 < < 10 

~~ 

- vi - 0.001 < - E < 0.577 - Ei - 

1.25 < o/d < 1.9 1 .47  < CI. < 14.7 - - - - 
Q i  = 15", 30 " 

TABLE I V  

STATISTICAL RESULTS OF CORRELATION (EQ. 15) 

1 a = 0.01089 b = 0.531 c = 0.2 

83 Cases of Fig.  8 ( f rom 70 Cases of 
Ref. 5) Fig.  9 - -., ." " _. 

6 [From E q .  (16) ] 0.17  0.58 

Standard  Error N 0.09 0.18 

Average  Error S l A a l  
N 0.068 0.12 

Aside  from  the  obvious  benefits of a c losed  a lgebraic  expres- 
s ion  for   the  energy accommodation, the  present  form  has  heurist ic 
benef i t s   assoc ia ted   wi th   the   c lear   d i s t incf ion  between t h e   v a r i -  
ous mechanisms in   t he   ove r -a l l   p rocess .  The best  demonstration 
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of t h i s  i s  shown by   t he   e f f ec t ive   co l l i s ion  t i m e  fo r   t he   p re sen t  
group  of i n t e rac t ions ,  which turns  out  to  be  an  order  of  magnitude 
less than  that  expected  from  molecular  diameter  and  incident  veloc- 
i t y   [ s e e  Eq. (7) 3 .  This   resu l t   he lps   expla in  why the  independent- 
o s c i l l a t o r  la t t ice  (IOL) model d i f f e r s  so l i t t l e  from  the  coupled- 
o s c i l l a t o r  model (COL) in   the   cases   inves t iga ted   in   Ref .  2 .  One 
would expect t h a t   t h e  IOL would be  an  acceptable  approximation 
on ly   i f  unzc < 1, where z i s  t h e   e f f e c t i v e   c o l l i s i o n  t i m e .  
In  Ref. 2, T w a s  ca lcu la ted  by  an  expression  which was not  very 
d i f f e r e n t  from o/Vi, and  reasonably small d i f fe rences  between 
IOL and COL were found when unzc had a value as g r e a t  as 40. 
This   for tuna te   resu l t   could   no t   be   expla ined   un t i l   the   p resent  
ana lys i s  showed t h a t  a more cor rec t   va lue   for  T i s  about 
0.15 o/Vi. This, coupled  with  the  inherent   decrease  in   energy ex- 
change i n  a l l  l a t t i c e  models as w z increases ,   y ie lds  a maximum 
difference  between  models  in  energy  exchanged a t  around wno/Vi=lO. 
Ins ights  of this   type  should  prove  in   the  long  run t o  be  the  great-  
est bene f i t  of the  present  approach. 

C 

C 

C 

n c  

CONCLUS  IONS 

Numerical ca l cu la t ion  of   gas-surface  interact ions is  now pro- 
ducing r e s u l t s  of  apparent  practical   value.  The bulk of t he  work 
remaining i s  concerned  with  the  resolution of complicating phenom- 
ena  and  corrections  for  shortcomings  in  the  models. The need  for 
experimental  data on wel l -character ized  surfaces   in   the  appropri-  
a t e  energy  range i s  more urgent  than  ever,  because one s t i l l  can- 
not  be  sure of t h e   p h y s i c a l   r e a l i t y  of  any p a r t  of t h i s  approach 
u n t i l  it has  been c a r e f u l l y   t e s t e d .  Both s c a t t e r e d  f lux  d i s t r i b u -  
t i ons  and  energy  exchange  data are required,  as these  phenomena 
are clearly  not  connected  in  any  unique way. The major  trends 
shown in   t hese   t heo re t i ca l   r e su l t s   shou ld   a l so   be   p re sen t   i n  good 
experimental   results,   but it i s  probably  not real is t ic  to   expect  
a very  high  quant i ta t ive  accuracy  for   any  specif ic  case. 

To b r i e f l y  summarize the  most important   resul ts  of t h i s  re- 
p o r t :  

1. Lattice configuration  and  azimuth  angle of incidence  have 
been shown to   be  of minor  importance to   t he   g ros s   p rope r t i e s  of 
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ref lected  dis t r ibut ions,   except   for   very  rough  crystal   p lanes   such 
as FCC (110) where the  geometr ic   effect  i s  only  moderate. 

2.  A r e l a t i v e l y  s i m p l e  correlat ion  equat ion,   der ived from a 
h ighly   idea l ized   in te rac t ion  model, gives  a prediction  of  energy 
exchanged  with  the  la t t ice  from known incident   condi t ions.  The 
prediction  accuracy, when measured  against  the computed cases 
t h a t  are present ly   ava i lab le ,  appears qui te   adequate   in  view of 
t h e   u n c e r t a i n t i e s   i n   t h e  computed cases themselves. The cor re la -  
t i on   i nc ludes   e f f ec t s   o f   f i n i t e  l a t t i ce  temperature,  and  can 
handle   adsorbed  contaminants   i f   their   physical   character is t ics  are 
known. 

3 .  Adsorbed  contaminants,  insofar as the   p resent  model re- 
f l e c t s   t h e i r  real c h a r a c t e r i s t i c s ,  w i l l  a lmost  always  control  the 
energy and momentum exchanges in   gas-sur face   in te rac t ions .  Even 
a monolayer w i l l  almost  completely isolate the   gas   pa r t i c l e  from 
the   in f luence  of the  bulk.  Knowledge of t he   su r f ace   s t ruc tu re  
and bonding c h a r a c t e r i s t i c s  of  such  layers i s  therefore  of f i r s t -  
order  importance. 

4 .  A crude model of t he   t he rma l   s t a t i s t i c s  of a "warm" l a t -  
t i c e  showed no important   effects  on gross p r o p e r t i e s  of t he   i n t e r -  
ac t ions   un t i l   the   thermal   energy  pe r  l a t t i c e  atom became compara- 
ble   to   the  incident   energy  of   the  gas   par t ic le .   Al though  not   of  
any real importance  to   hyperveloci ty   f l ight ,   these  la t t ice   thermal  
e f f e c t s  w i l l  play  an  important r o l e  i n  a t t e m p t s  t o  employ thermal 
ce l l   da ta   for   checking   pred ic t ions  of energy accommodation. 

5. S t a t i s t i c a l   c o r r e l a t i o n s  of the  data  from a small p a t t e r n  
of cases  designed t o  display  wall   temperature and surface  contami- 
nant   e f fec ts  are given.  Although  these  data complement the  corre-  
lation  equation  for  energy  exchange,  their   primary  value lies i n  
the i r   cha rac t e r i za t ion  of momentum and spa t ia l  f l u x   d i s t r i b u t i o n s  
as a funct ion of incident  conditions.  The r e s u l t s  are compared 
against  previously  published  corresponding  cases  for  cold,  clean 
surfaces  (Refs. 2 and 20) . 

6 .  The force   pu lse   shapes   tha t   g ive   bes t   cor re la t ion   wi th  
calculated  energy  exchange are much more sharply  peaked  than w a s  
or iginal ly   expected from simple physical  arguments. This f a c t  
appears t o  explain why the  independent-oscil lator model works as 
of ten  as it does. The port ion of the   co l l i s ion   in te rva l   dur ing  
which s igni f icant   energy  i s  exchanged i s  usua l ly  small relative 
t o   t h e  t i m e  required  for  propagation of energy  from  one l a t t i ce  
atom to   ano the r   i n  a real latt ice,  even a t  incident   energies  less 
than  one ev. 

27 



APPENDIX 

TABUIATI ON OF RESULTS 

The following  pages  contain  data  from  the cases descr ibed  in  
t h e   t e x t .  The f i r s t  64 cases are a v a i l a b l e   i n   g r e a t e r   d e t a i l   i n  
Ref.  20. The mean values  and  standard  deviations of the  output 
parameters f o r  a l l  153  cases  run t o  da te  are presented  along  with 
the  corresponding  input  variables.  The aiming  point   pat tern  for  
runs  1-83 i s a  7 x 7 po in t   rec tangular   g r id  on the   sur face  of t he  
FCC un i t   ce l l ,   g iv ing   18   un ique   t r a j ec to r i e s .  Runs 84-153 use a 
5 x 5 poin t   rec tangular   g r id  on the  surface  projection  of a u n i t  
cel l .  This   pa t te rn   y ie lds  8 un ique   t r a j ec to r i e s   fo r   t he  FCC, DC, 
HCP, and BCC (110) s t ruc tu res ,  and 16 f o r  S C  and BCC (100). 

The format shown below i s  employed for   da ta   p resenta t ion .  
The f i r s t  two rows contain  input   data  and t h e   t h i r d  and four th  
rows contain  the mean and s tandard  deviat ion,   respect ively,  of 
the  output  parameter. Means are denoted  by  bars,  and  standard 
deviat ion  values  of x by S(x) . Symbols are def ined  in   the re- 
p o r t ,  except  for  the  code FC, which i s  as follows: 

FC -1 0 2 3 4 5 6 7 
L a t t i c e  BCC sc DC FCC FCC FCC BCC HCP 
Configuration (100) (100) (100) (111) (110) (100) (110) (100) 
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I 

The over-all  data format is: 

1 O ~ l O O O  
2.0000 
0. 52 2i7 
00 19 1'8 

2 10.0000 
20 0000 
0.39 LO 
0. 1140 

3 1.0000 
2.0000 
0.22 26 
0,0723 

4 100.0000 
2.00 00 
0.95  7Q 
0, 02 94  

5 0.1000 
4. 00 00 
0.6113 
0.1028 

6 10.0000 
4.0000 
0.2781 
0- 1423 

7 2,0000 
4.0000 
0.47 5 5  
0. 10 7 8  

8 100. 0000 
4.00 00 
0.8377 
0.30 10 

120.0000 
0. 1000 
0.7 094 
0.1396 

150,0000 
10,0000 

0.6191 
0.0883 

165.0000 
1.Q000 
0. 4654 
0.0781 

135~0000 
100.0000 

0.9782 
0.015 1 

135.0000 
0.1000 
0.7792 
0.0664 

165, 0000 
10.1)ooo 
0. 5591 
0.1036 

149.9999 
1.0000 
0.6852 
0.0780 

120.0000 
100,0000 

0.9704 
0,0295 

60.0000 
2 . 0000 
2.1882 
0,4620 

75.0000 
2.0000 
1 3494 
0.2200 

75.or)oo 
2 . 0000 
1.8205 
0,1760 

60.0000 
2 . 0000 
2. f1551 
0.2960 

75.0003 
4.0000 
1.R671 
0.3623 

60.0003 
4.000Q 
1.4153 
0.3785 

60.0000 

1.7875 
0.2390 

75.0000 
4.0000 
2, l l 3 T  
0.6332 

4.0000 

1.2500 
5 0000 

-0.0955 
0.2220 

1 2599 
5.0030 
0.0076 
0.2557 

1.500O 
5.00no 
0.0006 
0.2046 

1. 5090 
5. O O O O  

-0.0454 
0.3117 

1 5001) 
5,0090 

-0.0285 
0.2579 

1.5OOO 
5.OCOO 

-0,0348 
0.3092 

1.25OO 
5.0000 

-0,0086 
0.3182 

1.2500 
5 .OOOO 

-0.0595 
0.4241 

0.0010 
1.2500 
0,4517 
0,3146 

0.0040 
1.2500 
0.7762 
0.6406 

0.0010 
1.50DO 
0.7427 
0.7781 

0,0940 
1.50OO 
0.41cJ0 
0.48n1 

0.0160 
1.50QO 
0.3016 
0.3131 

0.0640 
1 . 5 0 ~ 0  
0.6250 
1.177O 

O.Olh9 
1.2500 
0.7307 
0.71 38 

0.0640 
1.2500 
0.5192 
0.4089 



The over.-all data format is: 

9 0.1000 165.0000 
4,0000 0, 1000 
0, 3987 0.6205 
Oo1210 0,1172 

10 10,0000 135,0000 
4.0000 10.0000 
0,6051 0,7715 
0,1532 0.0990 

1 1  1.0000 120.@000 
4.0000 1.OOcIO 
0,7792 0.8810 
0.0957 0,0550 

1 2  100.0000 149,9999 
4.0000 100.0000 
O m  9464 0.972 7 
0,0310 0.0160 

13 0,1000 149-9999 
2.00 00 0,1000 
0,0362 0,4657 
0, 08.30 0. 0500 

14 10.0000 120.0000 
2.0000 1 ~ . 0 0 0 0  
0.71  96 0. 8464 
0. 1009 9.0603 

15  1.0000 135.0000 
2.0000 1.0000 
0.0551 014939 
0,1082 0.0676 

16 100,0000 1 6 5 o O O O O  
2*0000 100.0000 

0, 0468 0.025 I 
0,8785  0,9370 

30 

75,0000 
4. 0000 
1.7500 
0.2037 

60.0000 
4.0000 
1 95 5.1 
0.2863 

60,0000 
4.0000 
2 ,  1541 
0.4066 

7 5 ,  0ooc) 
4,0000 
1.8806 
0.1977 

60 ,  OOOr)  
2 . 0000 
1.1138 
0.2560 

75.0000 
2 . 0000 
1.8209 
0 ,3950  

75.0000 
2.0000 
1.1709 
0.3544 

60.0000 
2.0000 
1,7582 
0,1776 

1 2500 
5.0000 
0.0044 
0.31 5 5  

1,2500 
5 0000 

-0.0470 
0.332 7 

1.5OOO 

-0 .0529 
0.1645 

5.onoo 

1 . 5000 
5oOOOO 

-0,0302 
0,4041 

1 .5(?O0 
5.OUOO 
0.0593 
0,2439 

1 5000 
5,0000 

-0.0417 
0- 1918 

1 . 2590 
5.0000 
0.0422 
0.1653 

1.2500 
5 , r ) O S f O  
0.0060 
0.4106 

0.0040 
1,2500 
0.7764 
1.1065 

0.00 10 
1.2500 
0.8444 
0.7683 

0.  (504n 
lI5090 
0.2314 
002121 

1).001c) 
1 5000 
0.7546 
0.8716 

0.0640 
1.5000 
0.91 36 
0.2070 

0.0160 
1- 5000 
0.1625 
0.14541 

0,0640 
1. 2 5 0 0  
0 -  8952 
C J o  2290 

0.0160 
1.2500 
0.7865 
1, 7661 

0.9953 0.6225 
'0.0040 @. 
0,7244 5@,153@ 
0.1969 100.7930 

0.8422 0.3826 
3.0010 0. 
0.6961 49.3360 
0,1995 88.1C30 

(3.9756 0.3298 
O.OC40 0. 
0 .5770  21.7380 
0.2033 15.3370 

0.0842 0.0469 
@.0010 0. 
0.7626 4 0 ,  S 4 5 0  
0.1713 9 5 . 2 1  3!) 

0,9975 1.OCIcIO 
' lo0640 0. 
0.5913  -0.676(? 
3,0598 45.3410 

0.7808 0 ,4255 
0.0160 0 .  
9.4194 34,3751) 
0.1975 15,5480 

0.9830 0,8855 
0,064G 0. 
0.5441 18.8410 
0.2291 37.5570 

0.1793 001.593 
0.0160 0. 
0.7324  48.8800 
0,1716 .1'l2.9520 



17 

18 

19 

2 0  

21 

22 

23 

24 

25 

26 

2 7  

0,1000 120,0000 
4.0000 0, 1000 

-0 . -0 ,  
-0. -0. 

10.0000 149-9999 
4-0000 1OmOOOO 
0- 60 05 0. 772 1 
0. 1032 0,0673 

100000 165,0000 
4.00 00 1.0000 
0- 2977 0- 5762 
0.1328 -0-0772 

10010000 135oOOOO 
4.0000 1OOoOOOO 
0. 9307 0, 9644 
0,0444 0.0231 

0.1000 135.0000 
2,0000 0.1000 
0.2918 0.5567 
0. 17 53 0, 1357 

10,0000 165oOOOO 
2,0000 10.0000 
0,4030 0.6424 
0.1868 0- 1192 

1-0000 150. 0000 
2. 0000 1. 0000 
0.3034 0, 5404 
0. 1146 0, 1068 

100.0000 120.0000 
2,0000 100.0000 
0.98 21 0,991 0 
0,0156 0,0079 

0,1000 165,0000 
2,0000 0,1000 
0- 1825 0, 4178 
0.0917 011121 

10,0000 135-0000 
2,0000 10.0000 
0.0591 0, 4039 
0,1090 0.1303 

1, 0000 120.0000 
2.0000 1 ~ 0 0 0 0  
0.5252 0.7133 
0, 1755 0. 1289 

60, 0000 
4,0000 
1.0000 

-0. 

75, 0000 
4. 0000 
1. 8307 
0,2322 

75,0000 
4,0000 

0- 4364 
1,4a19 

60*0000 
4.0000 
20 0089 
0,2688 

75.0000 
2,0000 
1-8831 
0,4237 

60,0000 
2.0000 
1.8013 
0,2663 

60.0000 
2 . 0000 
1.8391 
0.2197 

75.0000 
2 . 0000 
2 2067 
O m  3732 

75,0000 
2 0 0000 
1 5266 
0.2877 

60.0000 
20 0000 
1.0671 
0.6983 

60-0000 
2 . 0000 
1 9912 
015472 

1 5000' 
5 0000 

-0, 
-0. 

1 5000 
5.0000 

-0.0102 
0- 31 33 

1.2500 
5 0000 

-0,0406 
0,2937 

1,2500 
5.0000 

-0.0536 
0,3865 

1.2500 
5.0000 

-0,0659 
0,2251 

1.2500 
5 0000 
0,0554 
0.2430 

1. 5 G O O  
5,0000 

-0.0124 
0.2 160 

1- 5000 
5,0000 

-0- 1052 
0.281 1 

1 5000 
5.0000 
000022 
0.2238 

lo  5000 
5.0000 
0.0093 
Om 1489 

1 2500 
5 0000 

-0.0705 
0.1923 

0,0640 
1- 5000 
1.0000 

-0. 

0, 0160 
1.5000 
0.4006 
0.6087 

0.0640 
1,2500 
0.5977 
1, 1642 

0.0160 
1, 2500 
0.6216 
0. 6431 

0.0040 
1. 2500 
0.6740 
0.3516 

0.0010 
lo2500 
1.0180 
0.9141 

0.0049 
1,5000 
0.5453 
0.4555 

0.0010 
1.5000 
0,2119 
0.2224 

0*0160 
1m5000 
0.5024 
0.8584 

0.0640 
1- 5000 
0. 86 34 
0.2188 

0.0160 
1.2500 
0- 3653 
0.2570 

0,9975 
0.0640 
-0 . 
-0 . 
Om7808 
0.0160 
0,7194 
0.2011 

0,9830 
0 0640 
0,5237 
0,4117 

0.1793 
0.0160 
0.7134 
0,1901 

0.9983 
0.0040 
0.7025 
0.2148 

0-8421 
0.0010 
0,8196 
0.1810 

0,9756 
Om0040 
0.7267 
0,1904 

0.0842 
0.0010 
0.6634 
0,1866 

0.9975 
0,0160 
0.5087 
0.2780 

0 07808 
0.0640 
0. 1423 
0.8473 

0.9830 
0.0160 
0.4956 
0.2736 

0.8918 
0. 

-0. 
- 0 .  

0.4654 
0. 

42.2600 
6 7.5690 

Om 6929 
0. 

35.7030 
9 2 4.670 

0,0864 
0. 

22.7130 
87.6321) 

0.6377 
0. 

38.7377 
67.6007 

0.7246 
0. 

-0.5042 
120.9627 

0.7651 
0, 

23,9723 
72.1194 

0-0379 
0. 

4 1 2059 
25.0959 

0.9266 
0. 

440 8013 
85.2093 

0,8821 
0, 

17,2548 
27.1620 

0.4941 
0. 

27.4722 
24.1498 
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The over-all data format is: 

2 8  100 .0000 15,OeOOOO 
2~0000 100.0000 
0- 8 0 1 6  0- 8 9 5 4  
0 - 0 7 7 9  0 .0435  

2 9  0,1000 1 5 0 , 0 0 0 0  
4,0000 0 , 1 0 0 0  
0. 32 60 0 .5948 
0.2193 0 , 1 5 9 6  

3 0  10 ,0000  120.0000 
4-0000 10.00@0 
0 .7911  0 , 8 8 7 9  
0.0923 0.0523 

31 1*0000 135.0000 
4*0000 1.0000 
0.58 53 0- 7 8 4 1  
0 , 1 7 8 7  0.0708 

3 2  100.0000 165 .0000  
4.0000 100 .0000  
0 ,  9 4 8 7  0.9734 
0,0259 0.0133 

33 0. 1 0 0 0  135 .0000  
4,0000 0, 1000 
0.3382 0 . 6 2 5 5  
0 .2052 0.1223 

34 10.0000 165oOQOO 
4*0000 1 0 ~ 0 0 0 0  
0 , 5 1 3 8  0,715 1 
0.0730 0 .0507 

3 5  1,0000 150 .0000  
4.0000 1-  000.0 
0 .2992 0. 5 7 7 5  
0- 1 7 4 1  0 , 1 3 6 7  

32 

75 .0000  
2 . 0 0 0 0  
1 -  6576  
C. 3780 

6 0 .  D O G O  
4.0000 
1.6897 
0.3655 

7 5 . 0 0 0 0  
4.0000 
2.1833 
0.42  76 

7 5 ,  0000 
4 OOOo 
1 9 7 9 2  
0.3453 

60.0C)OO 
4 0000 
I. 8 0 1  1 
0 .1502 

60, 0009 
4.0000 
1.7403 
0 .4733  

75 .0000  
4.0000 
1 7440 
0.1978 

75 .0000 
4. OOOC) 
1 . 5 3 6 0  
0 , 4 3 3 5  

1 * 2 5 0 0  
5 0000 

-0 .0094 
0 .4485 

1 , 2 5 0 0  
5.@000 
0 .0160  
0 -  2 4 0 8  

1.25OO 
5.0000 

-0 .2172 
0 .2860  

1 5 0 0 0  
5.009d 

-0 .0743 
, 0 0 2 9 1 2  

1,51)00 
5.0000 

-0 .0033 
0.4202 

1.2500 
5 . 0000  
0.0200 
0 . 3 2 6 1  

1 .2500 
5 . 0 0 0 0  
0.01?75 
0 . 3 3 0 8  

1 5OOr) 
5.0000 

- 0 . 0 ~ 1 0  
0 , 2 8 8 4  

0 .0640  
1 .250 j  

0 .9630 
0 , 6 5 1 6  

0.0010 
1.2500 
0 . 7 2 2 0  
0 .5844  

u .0040 
1.2500 
0.3170 
0.2638 

0.  C l O l O  
1 . 5 0 0 0  
0 , 5 2 6 1  
9 .3885  

0,oo 40 
1 .5000 
0 .6491  
1.6236 

I). 0 6 4 0  
1.250O 
0.82 14 
0 .41  3 2  

0.  C160 
1.25OO 0. 7 9 5 9  
1 .3578 

0.  G640 
1.5900 
0 .6276  
0 .5599  

0 , 1 7 9 3   0 . 1 6 2 1  
OoOf,40 0. 
0 .5695   38 .7792  
0 .3275  9 2 . 7 2 9 5  

0 . 9 9 8 3  n . 5 ~ 4 8  
O . O C : l @  n. 
0 , 7 1 6 8  1 0 , 2 6 9 9  
0 .1861  90 .4229 

0 . 8 4 2 1  0 , 2 7 8 3  
0.0040 C. 
0 , 5 9 1 6  44.79413 
0 .2139  29 .2305  

0.9756 c1.4446 
O.OLJ10 0 .  
0 , 7 3 3 2  48 .0419  
0 .1824  53 .4105 

0.0842 q.C.528 
O . O C 4 0  I?. 
0.7'738 52 .4764  
?. 1 4 5 1  96 .6474 

0 , 9 9 9 3  005700 
0.0640 P. 
3.6292 11.5760 
0 .2621  8 6 . 6 5 9 3  

9.8421 0.5385 
13.0160 0. 
0,7186 4 7 , 7 5 7 2  
0 .1912  1 0 9 , 5 0 1 6  

0 .9756 0.8175 
O.@h40 0 ,  
0 , 5 2 3 0  47 .6860  
9 .3580 6 8 .  1 7 2 0  



36 10000000 120 .0000  
4-0000 100.0000 
1-0304 1 ,0151  
0- 02 32 0- 011 5 

60.0000 
4.0000 
2.2421 
0.4631 

1 5000 
5 OOOO 

-0.0457 
0.2220 

0.0160 
1.5000 
0.2048 
0 .2702 

0.0842 0.0330 
0 . *0160 0. 
! Io6211 22.@040 
0 .2316 2 0 , 3 2 8 4  

3 7  0- 1000 120~0000 
2.0000 0.1000 
0 - 6 7 6 8  0- 8206  
0 - 0 9 5 4  0 ,0588 

7 5 a 0 0 0 0  
2 0 0000 
1 8 9 5 4  
0- 2650  

1.5000 
5,0000 

-0 ,0554 
0.1675 

0 ,9975 0 .4684 
0 .0040 0. 
0.4477 35.5052 
Om 1 3 2 5  13 .9904  

0. 0 0 4 0  
1.5000 
0.1881 
0.1237 

38 10-0000 150eOOOO 
. 2-0000 10.0000 

0.4587 0 ,6728 
Oo1050 0,0778 

0.0010 
1.5000 
0,6957 
0 ,6025  

6O.0000 
20 0000 
1.8857 
. O o  2 0 2 4  

1 5000 
5oOOOO 

-0.0131 
0.2703 

0.7808 0.6039 
0.0010 0 ,  
0.7671 10.2383 
-0.1753 9 6 , 6 6 5 4  

3 9  1-0000 165.0000 
2 - 0 0 0 0  1.0000 
0.2317 0.4615 
0.1386 0.1370 

60.0000 
2 . 0000 
1 8048 
0.2330 

l a 2 5 0 0  
5.0000 
0 . 0049 
0 .2130  

'3.9830 0 .8514 
0.0040 0. 
0 ,7774  6 6 , 7 2 2 6  
0 ,2251  107.6409 

40  L O O o O O O O  135oOOOO 
2.0000 100.0000 
0 0 8 8 4 4  0 ,9399 
00 0605 00 0323  

7 5 .  oooc) 
2.0000 
1 . 9558  
0. 2'748 

1 ,2500  
5 . 0@00 

-0.0305 
0.42U8 

0.03 10 
1.2500 
0.81% 
0.7230 

0 0 1 7 9 3  0.1132 
0 .0010 90 
0.6759 22 .9274 
0,1944 96 .4432  

41 0.1000 150aOOOO 
200000 0.1000 
0- 2 2 7 4  0. 4 6 0 0  
0. 11 86 0 ,1286 

1 2500  
5.0000 

-0.0088 
0.2340 

0 .0160 
1.2500 
0.6927 
0.54 97 

4 2  10-00000 1 2 0 0 0 0 0 0  
2.0000 10 .0000 
0.1598 0 ,5749 
0.21  28 0 ,1763 

6O.0000 
2 . 0000 
1 . 3348 
0.5358 

0.0640 

0. 7646  
0 .2994  

1 -  25OO 

4 3  100000 1 3 5 - 0 0 0 0  
200000  1 .0000 
00 3943 0.6184 
0 ,1365 0 ,1164 

60, 0000 
2 . 0000 
1 7260 
0.3737 

1 . 5000 
5.0000 

-0 ,0262 
0 .1837  

0 . ~ 1 1 6 0  

0.3425 
0.2540 

1. 5000  
0,9756 0 ,6825  
0 ~ 0 1 6 0  00 
0.5134 2 1 0 1 0 9 9  
0 .2643 24.4266 

44 100*0000 165eOOOO 
2.0000 100.000D 
0.81  88  0,9048 
0.0506 ' 0,0278 

75.0000 
2.0000 
1 6 9 0 6  
00 2478 

1 . 5000  
5.0000 

-000011  
0.4395 

45 0. 1000  1 6 5 - 0 0 0 0  
4.00 00 0- 1000 
0,4591 0 ,6750 
0 - 0 7 7 9  0.0587 

6O.0000 
4 * 0 0 0 0  
1. 8041 
00 1441 

1.5000 
5.0000 
0.0050 
0.2839 

0.9975 0.6190 
0.0010 00 
0.7767 29,3320 
0 ,1393  107.9345 

46 10a0000  135,0000 
4.0000 L O ~ O O O O  
0 -  7 3  14 00 8533  
0,0965 0.0567 

75.0000 
4.0000 
1.9979 
0.2707 

0.7808 0 0 3 6 3 3  
0.0040 0. 
0.7057  39 .9835 
0.1915  39.1466 

0.0040 
1.5000 
00 3 4 9 4  
0 .3644 
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The over-all  data  format is: 

47 

48 

4 9  

5G 

5 1  

52 

5 3  

5 4  

-L 

1.0000 120.0000 
4.0000 
0.73 15 
0.1276 

LOO. 0000 
4oOC:OO 
0,9148 
0 , 0 3 9 1  

0.1000 
2.00 00 
0.3754 
0.18 85  

10.00 00 
2.0000 
0 , 4 2 5 1  
0.08 57  

1.0000 
2.00 00 
0 , 2 5 4 9  
0.2222 

100.0000 
2.00 00 
0 , 9 4 4 7  
0.0451 

0.1000 
4.0000 
0.71 6 2  
0.11 30 

10.0000 
4.00 00 
0.30 88 
0- 16 02  

1.0000 
0.8519 
0.0758 

150.0000 
100.0000 

0.9563 
0.0205 

135oOOOO 
0.1000 
0. 6 3 9 4  
0 . 1 1 7 0  

165oOOCIO 
10.0000 

0.6486 
0.0667 

150, 0000 
1. CIOOO 
0.5457 
0 , 1 7 3 4  

120.0000 
100.0000 

0. 9 7 1  7 
0.0234 

120.0@00 
0.1000 
0.8436 
0 .0674  

1 5 0 o O O O O  
10,0000 
0.5796 
0.1118 

7 5  . 0000 
4. 0 0 0 0  
2,1609 
0. + l o 2  

6 0 -  0000 
4 .  0090 
1 8 4 8 2  
0 .1925 

60.0000 
2 . 0c)oo 
1.8592 
0 , 4 1 6 1  

75.0000 
2 .c1000 
1 ,   8 0 6 8  
0 .1428 

75.3000 
2 .0000  
1 t 7 0 2 8  
0.4180 

60. 0000 
2 . 0000 
2 .3631 
0 ,4896  

7 5  0000 
4.0000 
2.0515 
0 . 5 2 4 4  

60.0000 
4.0000 
1 ,5391  
0.3594 

1 25OO 
5 .0090 

-0.1262 
0 . 2 8 4 8  

1 2500 
5.0000 

-0.0096 
0.41Y6 

1 5000  
5.0000 

-0 00409 
0.21ocl 

1 . 5000 
5.0L100 

-@.@@r)4 
0 . 2 7 1 3  

1.2530 
5 .0000 
r?.c)Z65 
0 .1876  

1.2500 
5.0000 

-0. I 1 3 3  
0 .2932 

4 . 2 5 9 0  
5 . ooo'(3 

0 .2740  
-0.0893 

1.2500 
5.0090 

-0.0147 
0,3281 

~ . 0 0 1 0  
1.2500 
0 , 3 5 7 9  
d .   3193  

0.0040 
1.2500 
0 .8423  
0 .9327  

0.0010 
1.50OO 
9.5393 
0 .3604  

(3. 0040 
1 . 5000 
0.6277 
1 .0724 

0.001r) 
1.2500 0. 8946 
0.5076 

3.0040 
1 , 2 5 0 0  
0.4274 
0.3925 

0.01 60 
1.2500 
0.3080 
0 .2627  

0.0640 
1.2500 
0 , 8 3 4 3  
3 .6383  

0.9830 
9.0010 
0.5805 
0.2051 

0 .1793  
9.0040 
0.7345 
0 .1668  

0 .9975  
0.0010 
0.6835 
0 . 2 1 3 4  

0 .7808 
0 , 0 0 4 0  
0.7793 
0.1380 

0-9830 
O.OCi10 
0.7825 
0.1801 

0 .1793  
0.0040 
0 . 6 8 1 5  
13,2448 

0 .9983 
0 .0160 
0 .5258 
0 .2622 

0 .8421  
0 .0640  
0.5253 
Q.2800 

0 .3171  
0 .  

48 .4619  
3 5 , 4 7 0 3  

OolOO5 I). 
22.4707 

107.0757 

0 .6314  
0. 

42.668 1 
54.5798 

0 .6805  
0 .  

49 .7178  
94 .1813  

0 .7587  
0 .  

3 7.0384 
1-0 1.431 7 

0 . 0 8 2 3  
0. 

36 .6673  
42 .0927 

0.3613 I). 
42 .0613  
78,5260 

0 . 5 4 8 2  
0. 

2 5 , 6 9 1  1 
92 .4463  
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55 1.0000 165.0000 
4.0000 1.OOCO 
004528 0,6701 
0,0839 0.0632 

60.9003 
4.0000 
1. 7 3 8 0  
0.1940 

1 5000 
500GOO 

-0. 0.01 9 
0.3124 

0.0160 
I. 5090 
0.4780 
1.19YQ 

0.9756 9.6336 
0.0150 0, 
0.7128 47.0251 
(3.1875 59.9242 

56 100~0000 135,0000 
4,0000 100.0000 
0- 8743 0, 9639 
0,2160 0,0259 

75.0000 
4.0000 
1.8382 
0.462 8 

1.50?@ 
5.0000 

-0.0311. 
0 ,3941 

0.9q75 0.563.3 
o.C)04c) 0 .  
0 . 7 5 0 5  41.8711 
3.1735 77.6614 

5 7  0.1000 150*0000 
4.0000 O o l G O O  
0.5356 0.7288 
0.0982 0.0670 

75.30GO 
4.000‘3 
1 . 3666 !I. 2002  

0.0040 
1.5900 
r) . 5.2 1 2 
0.5963 

58 1Oo0000 120-@(?@0 
4. 0000 10.0000 
0.8242 0.9063 
0.0941 0.0527 

60.3000 
4.0000 
2.2689 
0.4141 

0.789R 7 . 2 5 3 4  
O . C * O l D  Q. 
9 . 6 3 4 5  26.4298 
0.2P71 23.9336 

59 1-0000 135.0000 
4.0000 1.00@0 
0.5584 0.7415 
0.1366 0.0924 

60.0000 
4.0i)CO 
1.9750 
0. 331 1 

60 100.0000 165oOOOO 
4,0000 1 0 0 ~ @ 0 0 @  
0.8958 0.9462 
0.0406 O o r 3 2 1 6  

75.0000 
4.0009 
1.755.7 
0 . 2 0 1 0  

O . @ O 1 9  
1 . 2530 
1.0794 
1.0676 

0.1793 3.1111 
0 . CjV 10 0 . 
0.7293 h3.6rh9 
0 . 1 9 4 2  11n.5775 

6 1 0. 1000 165.0000 
2.0000 0.1000 
0.0260 0.3427 
0.0515 0.0485 

60. 0009 
2 . 0c)oc) 
1.1652 
0.3437 

62 10.0001) 135.0000 
2.0000 lO.@OnO 
0.43 36 0.6485 
0.1538 0.1187 

75 . O D 0 0  
2 . 0009 
1. 8443 
0.4390 

63  1*0000  120.0000 
2.0@00 1.0000 

-0. -0. 
-0. -0. 

64 100.0000 150.0000 
2.00 00 10@.00@0 
0.93  34 0.966 1 
0.0359 0.0187 

60.0Oc)O 
2.000i) 
1 . 9799 
0.2157 

1.5039 
5.0090 

-0.0121 
0.3734 

65 9,1900 135,0000 
14.6800 9.1900 

0.8685 0.9321 
0.0484 010261 

60. OL)@I) 
14.6800 

1.8727 
0.091 5 

1.6200 
5 . ocioo 

-0.0138 
0.2971 

0.0451 
1.6200 
0.2230 
0.4393 

9.7670 0.1815 

0.6171 22.340P 
0.0451 0 .  

0.4093 37. 1900 
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The over-all  data  format is: 
~ 

Run 
No. s 

n2 (J 8 Id cs/Ei e 

6 6  

6 7  

68  

b 9  

7c  

7 1  

72 

7 3  

2.3200 

0.8868 
0.0398 

2.3200 
14,6800 

0,0378 

0.5800 
14.6800 

0.8830 
0,0401 

14,6800 

0. a2 36 

0. 58 00 
14.6800 
0,8264 
0.03 35 

0.1450 
14,6800 

0-87 08 
0.04 60 

47.2000 
2.9100 
0.4554 
0.1968 

11.800C 
2.91 00 
0.58 0 4  
0.12 32 

11.8000 
2,9100 
0,3605 
0.1067 

135. 0000 
2.3200 
0.941 5 
0. P212 

16Fj,OOOO 
2-32OO 
0 .9074  
0.0209 

135. @OOO 
0.5ueo 
0.9395 
0.0214 

165 .0000  
0.5 800 
0.9089 
0,0185 

135. G O 0 0  
0 .1450 
0.9328 
0.0246 

135.0000 
47.2000 

0.662 5 
0.1568 

135.  OOOC 
11.8000 

0. 7579 
0. C823 

1 6 5 . O C l O O  
1 1 ~ 8 0 0 0  

0 .5944 
0.09O 7 

36 



74 2.9500 1 3 5 . 0 0 0 0   6 0 . m n 3  
2.9200 2.9500 2.910*3 
0.6047 0.7745 1.8913 
0.1077 0. 0707 0.2544 

7 5  2.9500 165~00CIO hCIoO003 
2.9100 2.9500 2.91dCf 
0.3934 0.6228 I 83  16 
0.0931 0.0758 0.1380 

76  0.7370 135.0000 60090.33 
2.9100 0.7370 20'3103 
0. 59 7 8  0.7700 1 9667 
0- 1 0 6 6  0.0703 0.2496 

77  93.1000  135.00QO h0.0000 
1.4700 930 1000 1.4700 

-0. -0 . -0. 
-0. -0. -0, 

cl.5770 
1.8959 

-0 . 
-0  . 

78  23.2500  135.0000 60.000U 
1.4700 23.2500 1.470:3 

- 0. -0.  -0. 
-0. -0 .  -0 . 

79  23.2500  165.0000 60.;3000 

-0. -0. -0 .  
-0.  -0. -0 .  

1 .4700  23.2500  1 .4700 

8 0  5.8200 135.0C00 69.0000 
1.4700 5.8200 1.4700 
0.0797 0.6043 0.8746 

-0. 0-  0651  -0 .  

d.0361 
1.8950 
0 .1629 

- 0 .  

81   5 .8200 165.0000 6O.i)c)OO 
1.4700 5 . 8 2 0 0  1.4709 
0.0488  0.3616  1.5863 

-0. 0 .1354 -0. 

82  1.4550 135.OGOO 60.0000 
1.4700 1.4550 1.4700 
0.4298 0.6529 1.5815 
0.0920 0.07O5 0.2097 

8 3  2.9100 135.00@0 60.r3000 
1.4700 2 . 9 i @ O  1.4709 
0.3436 0.6046 1 . 3 0 7 7  
Oo1003 0.0818 0.4183 

8 4  0.1000 120.0000 105.0003 
2.0000 0.1COO 2 . 0 O G O  

0.3809 0.14'16 0.7511 
0 .8583  -0.0527 1.9232 

1 . 2 5 3 0  
5 .0030  

-0 .2599 
0.63.35 



The over-all data format is: 

8 5  

8 6  

8 7  

8 8  

89 

90 

91 

9 2  

10.00 00 
2 ,0000  

0 , 1 8 3 8  

1.0000 
2.00 00 
0. 3340 
0,1736 

100.0000 
2.0000 
1.0367 
0 , 1 0 6 2  

0. L O O 0  
4, oc 00 
0 .6013 
0- 08 73 

10.0000 
4.0000 
1,4097 
00 7958 

1.0000 
4.0000 
10 1505 
0.41 5 8  

100.  00 00 
4.00 00 
0.89 89 
0.11 32 

0.10 00 
4. 00 00 
0 . 8 5 2 6  
0.61 24 

0.48 79 

1 5 0 0  0000 
10,0000 

0 , 5 7 9 7  
00 2080 

165oOOc'O 
1 . 0000 
1.0554 
0 .2751 

135.0000 
10000o00 

-0 .0734 
O o  2 1 2 4  

135*0000 
0.1000 
0 .4514 
0.098 8 

165.0000 
10 .  oooc 

0 .1523  
0 .2959 

150~0000 
1.0000 
0,9033 
2 , 4 9 4 8  

12G00000  
100.0000 

0.1201 
0. 1 3 4 4  

165oOOOO 
0. 1000 

-0,2537 
1.0538 

120.0000 
2 .0000 
1 8446 
0. 3471  

120.0000 
2.c)ooo 
1.8285 
0.1285 

105.0000 
2 . 9000 
1.9939 
0.2714 

120.30c)o 

1.8890 
0.356 1 

4.0000 

1 0 5 ,  0000 
4. OQOO 
10 7 6 0 7  
0,1504 

105~0000 
4.0000 
1.7379 
0.2328 

120 .0003  
4.0000 
2 . 2049 
0.5299 

120.0000 
4.0000 
1 , 4 0 8 4  
0 .2154 

0.65-87 
n. 1000 

89.1956 
71 .9176  

0 , 8 0 6 5  
0 . 3 1 6 2  

112 .2004  
76 .5242  

-3 .5781 
1.000n 

5 5 . 2 2 9 5  
45.8727 

'2.4562 
0.lOQO 

77 .4723  
72 .0826  

- 0 . 6 8 3 2  
3.1623 

55 .9497  
68 .6737  

0 .4348 
1 .  ooon 

53 .6729  
44 .3697 

-0.1107 
0 .3162  

6 3 . 2 7 7 8  
38 .4960 

0 .4634  
3.1623 

127.5595 
70 .9899  
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9 3  10.0000 135.0000 105.0000 
4.0000 10.0000 4.0000 
0-5880 0.4337 1,9577 
0. 1332  0.1402 0.3398 

1.250c. 
5.0000 

-0,1168 
(3 .3283 

94 1.0000 120.0000 lOcjoOG00 
4.0000 1 0000 4 0000 
0.6198  D.4516  2.5935 
0.2629  0.3124  0,2891 

1 5000 
5F OCOO 

-0.0503 
0.1.?10 

9 5  100.0000  150.0000 120.0000 
4.0000 1 O O ~ O O c l ~  4 o D O O i )  
1.0211 -0.0422 1.9311 
0.1924 0.3847 0,1314 

96 0.1000 1 5 0 e G O O O  105*0000 
2-0000 0.1000 2.0000 
0.2456 0.7941 1.7346 

-0. -0 . -0. 

9 7  1o.oc)oo 12o.cn(zo 120.0000 

1.5860  1.0084 2.0347 
2.0000 1o.ooc~o 2.Oc)OQ 

0.6909  1.1889  0.5434 

98 1.0000 135.00(*0 120.9009 
2.0000 1. 0000 2, 0000  
0.8288 0.342 3 1.941 7 
0.4798 0.9597 0.3511 

99 L O O ~ O C O O  165.0000 105.0000 
2.0000 100.00139 2.9000 
0.8684 0.1563 1.9194 
0.0994 0,1180 0.186kl 

100  3.1620  142.5000 1 1 2 , 5 0 0 3  
2.8180 3.1620 2.81RO 
0.3879 0.6113 1.9252 
0. 1446 O o l N 5  0 . 2 0 6 3  

0 . 4 3 h 4  n. 5347 
13.OCHO 0 .  
'3.7342 44 .337c :  
9. 16 36 172.4537 

101  0.1000  142.5000  112.500'3 
~ . O O O O  0. loco 1.0000 
0.2698 0.4968  1,9004 
0.1585 0.1522 3.2323 

102 1.0000 142.5C00 112.50QQ 
4.000@ 1.0000 4.3000 
0.5166 0.7127 1.9204 
0.1311 0,0934 0.201 1 

103 0.1000  142.50@0  112.5000 
4-0000 0- lC00 40OQ00 
0-4605  0.6723  1.9590 
0.1317  0.0932  0.1679 



The over-all  data format is: 

1 0 4  

1 0 5  

106 

107 

108 

LO 9 

30 1620 
2,8180 
0.47  5a 
0.11 7 4  

00 10 00 
1.0000 
0, 05 2 1  
0- 02 78. 

1,oooo 
4-00 00 
0.6085 
0.09 34 

0.10 00 
4.00 00 
0- 3800 
0.1168 

0.0100 
1.0000 
0.21 7 4  
0.1535 

10.0000 
1.0000 
0 .5737  
0.1570 

142,5000 
3,1620 
0.6844 
0,0867 

162.5000 
0.1000 
00 2222 
0,0573 

142.50OO 
1. 0000 
0.7777 
0.061 7 

142.5000 
0. L O O 0  
0.6096 
0.0919 

142,5000 
0 , 0 1 0 0  
0,4370 
0,1646 

142,5000 
10,0000 
0.7505 
0,1022 

112.5000 
2 . 8 1 ~ 0  
1.9516 
0.2746 

112.5000 
1.0000 

0, 1770 
1. a864 

112.5OOO 
4.0000 
1 9593 
0.2405 

112,5000 
4.0000 

0.2134 

112.5000 
1. 0000 
1.9189 

1.9482 

0.2886 

112.5000 
1.0000 
1.9175 
0.1544 

110 1 O O o O O O O  142,5000 112.SOOO 
L.0000 100.0000 1,ooc)o 
0,9297  0.9641  2.1001 
0.0097 0.0051 0.0679 

111 Oo0100 142 ,5000  112.5000 
1.0000  0,0100 1,0000 
0, 0. 0. 

-0. -0, -0. 

1,3750 
5 0000 

-0.0213 
0 2453 

1,2500 
5.0000 

-0.0595 
0.0452 

I 5000 
5 0000 

-0,0124 
0.2802 

1 o25QO 
5.0000 

-0.1104 
0.1888 

1.5000 
5.0000 

-0 .0292 
0.0953 

L o  5 0 0 0  
5.0000 
0.0069 
9,2577 

I. 5000 
5.0000 

-0.1337 
0.40c)5 

1 . 5000 
5oOOOO 
0. 
-0. 

0.0080 
1.3750 
0.6206 
0.4991 

0.0010 
1.25(30 
0,7887 
0.0799 

Oo0040 
1.5000 
0.5127 
0.4741 

0.0010 
1-250Q 
1.0993 
0- 5863 

0.0002 
1.50@3 
0 -  5936 
0.22  53 

OoO16Q 
1.50OO 
0.9949 
0.7080 

00 0640 
1.5000 
0 ,  6850 
0.0930 

0.0640 
1.50QO 
0. 

-0. 

0 . 9 3 6 4  
0.0080 
0 7549 
3-2178 

9.9983 
0.0@10 
0,7032 
0.14O4 

0.9756 
0.0040 
0.761 1 
0.1908 

0.9983 
0.0010 
0,7523 
0.1693 

0 - 9 9 9 8  
0.0092 
0,7290 
0.2230 

0,7808 
0,0160 
0.7279 
0.1225 

0 ,0842  
0.0640 

0.0538 

D.9998 
0,0640 
0. 
-0 . 

0.8727 

0,5943 
0. 

88.0035 
71.6279 

0.7992 
0. 

89.4510 
14.9254 

0.508 1 
0. 

8 6 .  1686 
64.5695 

0.5115 
0, 

106.4253 
109-7740 

0,7992 
0 -  

62.2369 
3 0 .  1855 

0.6709 
0. 

40, 8584 
105.8194 

0.0876 
0. 

81.a756 
61.4253 

1.0000 
0. 
0. 

-0 ,  

40 



112 100.0000 142.5000 112.5000 
4.0000 L O C l . 0 0 0 0  4.0903 
0,8582 -0. -0 . 

-0. -0. -0. 

114 0.0100  142.5000 11205009 
4,0000 9-0100 4.0003 
0 9  51 03 0.7069 1.7656 
0- 1442 0.101 5 0 . 2 8 5 3  

115 0.0100 142.5000 1 1 2 * 5 0 0 9  
4.0000 0.0100 4.0003 
0.4617 0.6737 2.0117 
0.1261 0.0896 9.2530 

116  3.1620 142 .5000   112 .5000  
2.8284 3.1620 2 . ,8184  
0.4316 0.6491 2.0043 
0.1326 0 .1019  3.2111 

117 3-1620 142-50C)O  llZ.5OOr) 
2.8184 3.1620 2 . 5 1 8 4  
0,4308 0.6448 1.9956 
0.1623 0.1231 :J* 2248 

119 1.0C100 135.00C!@  75.C)003 
2.0@(?@ 1.oooc; 2.0003 
0,3845  0.6144 1.6681 
0.1227 0.0991 3 . 3 0 3 3  

41 



The over-all data format i.s: 

Run No. n2 'i 'i Us/d p i  , e  
S 

n I 1 

123 

124 

125  

126 

127  

128 

129 

130 

42 

1.0000 135.0000 
2.0000 1.0000 
0,4117 0.6391 
00 1422 0.1073 

1,0000 135oOOOO 
200000 1.0000 
0.3612 0.5926 
00 1300 0.1089 

1 o O O . 0 0  135oOOOO 
200000 1.0000 
0.3776 0 .6057  
00 2484 0,1236 

1.0000 1 3 5 o O O O O  
200000 1 . 0 O G O  
0,3517 0,5880 
000987 0.0845 

lo0000 135.0000 
20 OQOO 1 0000 
013582 0,5983 
0,1125 0,0922 

1.0000 135.0000 
2.0000 1.cooo 
0.3913 0,6187 
0.13 53 0.1109 

lo0000 135oC'OOO 
2.0000 1.0000 
0.42 32 0,642 3 
0.13 14 0.1064 

1.0000 135.0000 
2. 0000 1,0000 
0.6108 0.6323 
0- 1364 0.112 1 

5 O o O O O O  
2 . OD00 
1 4749 
0.3744 

70.2000 
2.0000 
1.6772 
0.2918 

80. 3000 
2.0000 
1.6321 
00 3730 

45.0000 
20 0000 
1.4364 
0 . 4 3 8 6  

50.0000 
2 . 0000 
1 5780 
Oo.2808 

60.0000 
2 . 0000 
1 5426 
0 . 3 1 5 9  

75.0000 
2 . 0000 
1.5269 
0,3397 

670 5000 
2 . 0000 
1.5399 
0 .  302 1 

1 SO00 
5,0000 
0.0243 
0.2629 

1.5OOO 
5.0000 
0.1434 
0.2164 

1.5COO 
5.0000 
0.1333 
0.2390 

1.5C30 
5.0000 
0.0231 
0.1677 

1 . 5000 
5,C)OI)O 
0.O3O9 
0.1535 

1.5Or>D 
5.@000 
0,0457 
0.1358 

1 .'5000 
5.0000 
0.0548 
Oo144O 

1 5000 
5,0000 
0.0531 
0.1375 

0.0160 
1.50C)O 
0.2599 
0.1877 

0.016@ 
1 . 5 U O O  
0.4161 
0.2600 

0.0160 
1. 5000 
0.4450 
0.3451 

0.0160 
1- 5OOO 
0.291 L 
0.1412 

0.O16O 
1.5000 
0.2805 
0.1516 

0.0160 
1. 5000 
0.2467 
0,1805 

O o O 1 6 0  
1.5000 
0.2113 
0.1716 

0.O160 
1.5000 
0.2222 
0,1847 

0.6756 
OoQ160 
0.3358 
0,2648 

0.9756 
9.0160 
9.4788 
0.2064 

0.9756 
0,0160 
0.4470 
o. 2 6 3 8  

(3.9756 
0.0160 
Oo3096 
0.3101 

0.9756 
0.0160 
0.4087 
0.1986 

0,9756 
0,0160 
0.3837 
0 22.34 

0.9756 
0*0160 
0.3725 
0 02402 

0.9756 
0.0 160 
0-3818 
0,2136 

0,6825 
00 
0 , 2 2 1 2  

25.4932 

0.6825 
0. 
1 . 6038 

30.a67a 

0 . 6 8 2 5  
0. 
7.C649 

3 8 . 8 3 1 5  

0.6825 
0. 

-2.2760 
16.9054 

0.4825 
0.  
1.7382 

17,8492 

0,6825 
0. 
9.6780 

15.7247 

0.6825 
00 

23.9946 
15,3137 

0,6825 
0. 

16,3790 
14.3351 



II 
131 3. 1620  142.5000 112.  5000 

2,8184 3,1620 2.8184 
0. 4498 0.6668 1 9 4 7 4  
0.0949 0.0719 0 ,2741  

1 ,3750  
5 . @OOO 
0.0192 
0- 2 6 0 4  

0.0080 
1.3750 
0 .6999 
0.4743 

1 3 2  

1 3 3  

134 

1 3 5  

1 3 6  

137 

1 3 8  

139 

140  

141 

3. 1620  142 ,   5000  112.50OO 
2,8184 3 ,1620  2.8184 
0- 43'50 0- 6 5 5 0  1 ,9340 
0 .1034 0.0778 0.2837 

0. Clot30 
1.3750 
0,7362 
0.4602 

3.1620 142.5000 112.5000 
2 - 8 1 8 4  3 - 1 6 2 0  2.8184 
0.3179 0- 5453  1.8747 
0. 1631 0- 151 1 0.2337 

1.3750 
5,0090 
0 ,0402 
0.2797 

0.0080 
1.3750 
0.8816 
'2.41 1 9  

3 ,1620 142.5000 112.5000 
2 ,8184 3.1620 2 ,8184  
0.8820 00'8600 1 7450  
0.6025 0,3775 0.2508 

1 ,3750  
5.0000 
0. 1 7 1 1  
0.4357 

00 0080 
1.3 750 
0.87  78 
0.7138 

3 - 1 6 2 0  142.50(?0 112 ,5000  
2 ,8184 3.1620 2 ,8184 
0- 3889  0.612 1 1 872 7 
0- 1 5 3 4  0.1204 0.2898 

1.3759 
5.0000 
0.0353 
Q.2941  

9 .9364 0 .5135  
9 . 0 O R O  0.3163 
0 .6924  43 .4554 
0 .2299  76 .9310 

1.0000 135oOOOO 45.0000 
2.0000 1.0000 2.0000 
0. 3548 0.5930 1 7898 
0-0670 0,0578 0.3535 

0.0160 
1 .5000 
0.4824 
3.11O5 

1-0000  135.0000  50 .0000 
2.0000  1 .0000  2 .000g 
0 - 3 4 6 4  0 ,5857  1.7936 
0 ,0691 0.0596 0.2873 

1 * 0 0 0 0  135o00@0 60.0000 
2.0000 1.0000 2.3000 
0.3243 0.5660 1.832 1 
0.0719 0,0641 0.1724 

D.9756 n.647E) 
0 .0160 0 .  
0 .5884 -1 .9795 
0.1219 38 ,0793  

l o 0 0 0 0  1 3 5 o 0 0 0 0  60.0000 
2- 0000 1. 0000 2 . 0000 
0- 3243  0 ,5660 1 832 1 
0 - 0 7 1 9  0.0641 0.1724 

0 .9756  0 .6479 
0 .0160 0 .  
0 .5884 -1 .9798 
0.1219 38.0793 

3 .  1620 1 4 2 o 5 0 0 0  112.~5000 
2.8184 3 .1620 2 ,8184  
0.3854 0.6146 1. a073 
0- 1730   0 ,1730   0 ,2920  

1.3750 
5 0000 
O o O C : 3 0  
0- 262 1 

0. C O R 0  
1.3750 
0.9111 
0.6547 

3 .  1620 142-   5000  60.0000 
2 ,8184 3.1620 2 .0184 
0,4131 00 5869  1.8203 
0.1820 0.1820 0 ,2900 

0.008CI 
1 3750  
0.9557 
0.71 13 
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The over-all data format is: 

14 2 

14 3 

1 4 4  

14 5 

1 4 6  

147 

14  8 

1 4 9  

3.1620 142 .5000  112.5000 
2 .8184  3 , 1 6 2 0  2.8184 
0.5495 0 .4505 1.8533 
0. 0 9 4 1  OoO941 0.1668 

3.1620 142 .5000  112.50C9 
2 ,8184  3 .  1620 2.8184 
0 , 3 6 4 3  0 .6357  1.9014 
0 0 2 0 2 1  0 .2021  0 .1095 

3.1620 142.5QOO 112.5000 
2 , 8 1 8 4  3.1620 2 .8184 
0 .5174  0 , 4 8 2 6  1. 7757 
0.0910 0 . 0 9 1 0  0 , 1 8 3 8  

3.1620 142.5C'OC 112.50cIT) 
2.8184 3 .1620 2 .8184  
0- 3794 0.62C'4 1.8839 
0 .1490 0 .1490 0 .2835 

3.1620 142.5000 112.5000 
2 , 8 1 8 4  3.1420 2 .8186 
Oo5175 0 , 4 8 2 5  1.7756 
0,0910 0.0910 0.1838 

3.1620 1 4 2 ,  5 C O O  hO.r3000 
2 , 8 1 8 4  3 .162@ Z e d 1 8 4  
0 .4471 0 .5529 1.7415 
0 .1752 0 , 1 7 5 2  0 .3412 

3 .  1 6 2 0  1 4 L 5 O O O  6 0 .  OOOr)  
2 - 8 1 8 4  3 .1620 2 , 8 1 8 4  
0 .5424  0.4576 1 7 4 7 7  
0.0842 0.0842 0.163a 

3.1620  142.50'00 69.0009 
2 ,8184   3 .1620   2 .a184  
0.55  18 0 .4482 1 .  8 4 9 8  
Oe09l.5 0,091 5 0 .1567 

0 .9364  
0.0080 
9.6'757 
0 .1323  

0.9364 
0.0@90 
0 . 7 1 5 1  
0 .0869  

0.9364 
o.ooso 
0 .6154  
0.1458 

D.7364 
O.@ORC 
0 .7012  
9.2249 

0 . 9 3 3 4  
0 . CCi80 
0.6153 
0.14.58 

0 OS364 
0 .0080  
0 . 58 '33  
0 .2707 

0 . 9 3 6 4  
0 .008G 
0.5932 
0 . 1 2 9 9  

0 .9364  
0 .OO8O 
0 .b742  
0 . 1 2 4 3  

0 .6141 
0 .  

69.213C 
1 5 . 4 8 5 1  

0.5794 
0. 

178.7142 
59 .7478  

0 .5043  
0 .  

77 .0301  
28 .5n94  

I?. 5 8 4 3  13. 
113.3883 
102 .3984  

0 .5943  
0. 

77.0311 
2 8 . 5 0 3 3  

0 . 5 8 4 3  
n. 

10.382n 
32.9806 

0.5943 
0 .  

13.965P 
2 4 . 2 3 C 9  

0 .6141  
0 .  

13.420 1 
1 6 .  ( 2 3 7 3  
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150  3 ,1620  142.5000 60*0000 
2,8184 3.1620 2.8184 
0 - 4 0 0 1   0 . 5 9 9 9   1 - 6 5 2 3  
0 -2154   0 .2154   0 .2800  

151 3,1620  142,5000  112,5000 
2 -8184   3 .1620   2 .8184  
0- 6'796 0.6408 2.0883 
0 - 3 4 8 4  0 ,6968 0, 1 8 2 4  

153  3 .1620  142.5000  112.5000 
2.8184 3.1620 2 .  a134 

0.2648 0.5297 0 .2948  
0.5790  0 .8420  1 .3377 

1.3750 

0.2225 
5*0000 

0.1702 

1 .3750  
5,QOOO 
0.0785 
0.3588 

1 , 3 7 5 0  
5 . OOOC! 
0 .2222 
0.3412 

1 .3750 
5.0000 
0.2233 
0.3P25 

9.OORO 
1.3750 

0.7730 
0. a043 

0. 0080 
1.3750 
1.1395 
0.2047 

0 00 8 0 
1.3750 
0.8593 
0 . 3 1 5 9  

0 .9364 
0 .0080 
0.5175 
0 .2221  

0 9 3 6 4  
3.008f! 
0.8634 
0 ,1447  

0.9364 
0 .0080 
0.7439 
0.1298 

3.9364 
O.OORO 
0 .7440 
9.2339 

0.5794 
0. 

-86 .@119  
66.1451 

0.3387 
1 . 0 0 0 0  

53.9795 
98 .9209  

0 . 3 3 8 7  
1 . @OO(! 

27.8457 
69 .7733 

0.3337 
1.00?0 

36 .0296  
91 .6558 
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